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7. IN STRU}LENTAr± I ON

An examination was made of the types of instrumentation required

_or__1_._.__,11.operation]ofth_ solar-thermionic systej___ and the types of s_ensors

which would be applicable.

Figure 7-i illustrates those instruments which are needed for con-

trol of the system and which arc useful for monitorinf, performance

and/or variation of operat]onal conditions by ground command.

Techniques for meas<_rement are available for all vital functions

with the exception of emitter temperatures. Long term stability of

thermocouples or resistance elements at emitter temperatures is poor.

Passive methods are possible to indicate when temperature levels are

passed; these include bimetallic' elements, melting solids, etc. None

of these methods is sufficiently accurate for control purposes. How-

ever, it should be possible to extrapolate emitter temperatures from

current and voltage measureu_ents of the c:onverter.

Sensing of high current is easily accomplished by a small saturated

core circuit. The coil is wot_nd around the dc lead and the current

level is sensed by modulation of the coil. SLxch current sensors will

weigh a few ulln_es and can operat_ in a relatively hi_]l ten,p_rat_LL-e

enviroranent. However, long ternl st_l|]J litv tt.sts ar<e required.

To date, cesium reservoir and radiator temperatures on converters

ha\', been measured using thermocouples. It is also possib, le te use

resistance elements; these devices i_ave not yet b_,en used with conver-

ters. The primary advantages of a resistance element are linearity

and lack of extensive backup circuitry.

A tradeoff will have t<, be made between the amount of instrumenta-

tion desiraSie for monitoring. The weight and cabling problems asso-

ciated with a large tim'.bet of instruments are further considerations.

I 4326-Final 7-1
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The instrumentation for monitoring will be determined from a

reasonable compromise between available telemetry system capacity and

the minimum number of data points desired to evaluate the thermionic

?enerator, concentrator, support system, and other component performance.

In some instances it may be desirable to record redundant outputs from

the same source to assure a minimum of at least ] data point from cer-

tain critical measurements. In general, most of the data of interest

is of a low response rate and it may be adeq_Late to scan each output

at a low repetition rate thereby simplifying the data storage and

handling system for the vehicle_

7.1 Instrl_entation for Various C_omponcnts

This sectkon discusses general aspects of the uses and need

for instr<mnentation on several system components.

7.1 .i Gonerator Instrumentation

The instrumentation for the generator generally fails

into two categories, temperature measurements and voltage measurements.

The former comes direutly from the output of various elements and the

latter from directly tapping off with probes in appropriate ])arts of

the circuit.

A typfi< a] survey of th_ instrumentation requirements

for the generator is slm_marized in 'iable 7-I. All interesting tempera-

tures on each of the fou_- converters and s_\'cral temperatures on the

generator assembly are indicated.

Each converter emitter utilizes a tungsten (5 percent

rhenium) - tungsten (26 pe_-cent rhenium) thermocoup](_. The long-term

stability of thc W-Re thermoco,,p!o is such that 5 to 30 hours of life

can be anticipated. The primary limit on life is diffusion at high

temperature. W-Re thermocouples have been used in the laboratory be-

cause of relatively high voltage output and linearity at high tempera-

ture. 7he thermocoup]e material becomes rapidly embrittled, however.

All other temperatures are measured with platinum re-

sistance elements. With the ±5 percent measurements, it may be possible

4326-Fina I 7-3
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to use _hromel-a]umel thermocouples with reference junctions with all

outputs falling in Lhe range of 0 to 30 millivolts. A total of about

39 data points are s]',own, with a modest increase possible if certain

critical parameters are recorded redundantly.

It miglit be desirable, for diagnostic purposes, to

determine the I-V cu_-ve of the generator or individual converter. It

is anticipated that a _eliable, versatile load simulator can be pro-

vidL_d using l_i_.h power semiconductor diodes to sweep the I-V character-

istics of the generator. Several diodes mounted in thermal heat sinks

with adeq_,ate radiating surface area and operating in parallel should

be suitable for this function. Control power to operate the gate network

of the diodes can be furnished from a sequence progranmler upon ground or

vehicle command. This approa(h appears to offer a relatively simple,

reliable [oad system that can cover the range from about I0 to i00 per-

cent of rated conditiens without any load carrying switches, relays, or

other electromechanical parts. Voltage probes wou]d be provided across

the terminals of each individual converter and the generator as a whole.

A simple technique for making individual voltage measurements is to start

from the No. i converter (whose collector is connected to ground) and

sweep each successive emitter voltage probe up to and including the total

generator. Individual converter voltages can be determined by taking

the difference bL.tween _-eadings. Although some accuracy may be lost by

this method, the number c_f int_.,r_onI..,<tion._ is greatly reduced and telem-

7. '_.2 C._ncu.qLtat(__c Instr_m_,_nLaLion

It would be desirable to verify that the accuracy and

reflectance of the concentrator is maintained in space. If the thermionic

system output does not deteriorate with time, it can be inferred that

the mirror performance has not degraded. If, however, system power

outpuL falls off, diag1_ostic infermation on mirror performance _an pin

down the cause of failure.

4326-Final 7-5



The torus-supported shell structure is conceptually
simple. Its static and dynamic response to mechanical and thermal

inputs, however, is difficult to analyze particularly when the gen-

erator support arms are included. Four types of concentrator instru-

mentation can be considered:

i. Temperature sensors to determine, eq_Jlibritm_ temperatures

and thermal gradients

2. Strain gages to detect bending of shul], torus, or support

arms

3. Reflectance device to m_nitor mirror surface reflectance

4. Angu]ar error detector to monitor mirror distortion.

A stmtmary of typica] instrumentation is given in Table 7-II.

7.1 .2.1 Strain and Thermal Instrumentation

Deformation of the shell and torus can be

ascertained by mounting strain gages in critic'a] locations. The

greatest effect is expected to occur near the rim of the mirror shell.

Strains can be correlated wiLh thermal gradients by mounting temperature

sensors at various points on the abel] and torus and by noting the

temperutures throu><hout thL _ orbita] cycles. Str<_in gages and tempera-

ture sen_{ors would also be placed on the generator support arms to

gain some indication of the absorber ape_-ture misalignment and misfocus

resulting from thermal deformation of the support arms. Figure 7-2

shows typical locations of the strain gages and t_mperature sensors

on the shell, torus, and arms.

Each indicated strain gaEc is actually a

set of two orthogonal pairs to allow measu_*___ment of both tensile and

compressive strain in two directions. Temperature sensors would be

placed in_nediately adjacent. The strain gages and temperature sensors

are located to provide at least the fc,]]owing infornmtion:

]. 'ihermal grTdient from center to rim of mirror

2. Thc_rm_l gradient around Lotus and between torus and she] ]

3. Th<,rmal gradient betw_,en shadowed (by a_-ms) area and sunlit

area on shell

4326-Final 7-6
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4

5

6

7

8

9

Ciru_m:ferential thermal gradients on shell and torus

Therm, a] gradients along support arms

Defo_lation of shell near rim

Defonuation of torus at end near brackets

Deformation of torus between brackets

Deformation of support arms

Both the strain gages and the temperature sensors would probably be

of the silicon semiconductor type for maximum sensitivity and minimtum

weight. Weight (or thermal mass) is particularly important on the

shell because of the possibility of local distortion.

7.1 .2.2 Reflectance and An_ular Error Instrumentation

These measurements can be considered, although

some further study will be r_quired to establish definite feasibility.

Reflectance measl_rements made directly on the concentrator would pro-

.vide diagnostic infolm_ation in case of a power loss from the main sys-

tc_m.

The same is true for angular deformation.

Both i:eflectance and angular dcfolTmation at selected locations on the

mirror surface c;.m be measured by tl_e devices shown typically in Fig.

7-3. These involve small collimating light projectors that send beams

of light to the m_rror s_rface, l l-_ebeams are reflected to sensors

which detect eitl_r intensity or motion of the beams resulting from

angular deformation of the surface. The reflectance detector could

be a lead sulfide cell or silicon cell. The X-Y detector could be

a ]atora] photocelll (Radiation Tracking Transducer). The instruments

would be placed so as not to interfere with the main experiment. Of

course, many other optical arrangements are possible and would be

evaluated before choosing a final configuration.

The direct structural and thermal measure-

ments on the concentrator and support arms involve only temperature

sensors and strain gages which are available and well understood.

If the direct reflectance and angular deformation measurements are

4326-Final 7-9
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made, some development will be needed on the instrument. However, since

they involve no new optical instrumentation techniques, they are not

foreseen to present severe development problems.

7.2 Temperature Sensors

l-'Three types of temperature sensors were considered for use

in system measurements in the range of 0 to 800°C. These are:

I. Wire type resistance sensors

2. Thermocouples

3. Thermistors _

The thermistor is a semiconductor having a high negative

temperature coefficient of resistance. If a thermistor is used in a

Wheatstone bridge, the bridge will be balanced at only one temperature.

At other temperatures there will be a bridge output which will be a

measure of the deviation of the temperature. For the generator appli-

cation, thel_nistors cannot be considered due to the fact that aging

at high temperatures is greatly accelerated and the reliability above

250°C is open to question. No accuracy or instrumentation weight ad-

vantages over resistance elements are apparent at the present time.

Thermocouples are available for use and have been used in

the laboratory. Thermocouples have the following advantages:

I. Small size

2. Linearity over a wide range (generally under one percent

accuracy )

Tile disadvantages of a thermocouples are:

i. The need for a reference junction. Thermocouples do not

measure the temperature at a junction but rather the dif-

ference in temperature between the measuring junction and

a reference junction. Either the reference junction must

be held at a constant temperature or some form of compensa-

tion must be used to distinguish between changes in the

measuring temperature and those in the ambient temperature.

Examination of reference junctions suitable for use with

4326-Final 7-11



chromel-alumel thermocouples indicates that a weight of

approximately 0.8 Ibs would be required for five thermo-

couples.
2. Low level output. The output voltage of the most sensitive

thermocouple is about 16 millivolts at 300°C. A high gain

amplifier is required for use with the thermocouple to pre-
vent drift and noise effects from affecting calibration.

3. Long term stability and accuracy. Each thermocouple used

in a system must be calibrated. Precalibration will mean
a I to 2°C error in the measured temperature (up to 4°C).

The total c_nulative error including the thermocouple and
cold junction, compensation can easily be as high as ±5°C.

Furthermore, long term stability in a space environment

at temperature is debatable.
4. Lead wire. Where long runs of thermocouple leads arc re-

quired, special care must be taken to use special compensating
lead wire to keep circuit resistance low and avoid unwanted

thermal junctions.
5. Non-fail-safe. If the thermocouple becomesdisconnected for

any reason the controller turns full on unless special cir-

cuits are provided to prevent it.

A wire type resistance sensor seemsmost suitable for re-

liable temperature measurements. IIowever, to date, these types of

sensors have not been integrated with system components. Integration

should be fairly easy to accomplish; however, estimated costs for

development of a platinl_n resistance sensor for operation at 300 to

400°C for converter application are estimated to be $300 per unit for

i0 units ($100/unit for i00 units). Nickel, nickel-iron and platinum

wires all have fairly high positive temperature coefficients of resist-

ance. In a wire sensor, a length of wire having the desired resistance

is wound into any convenient physical form and is electrically connected

as one arm of a Whe_tstone bridge. The output of the bridge is a

measure of resistance variation in the sensor and hence of the temperature.

4326-Final 7-12



The advantages of wire type resistance sensors are:
i. Higher sensitivity, about i00 times the output per degree C

of thermocouples.

2. Superior long term stability; special units have stabilities
within 0.001°C per year.

3. Area sensing; a wire sensor can be spread over several square

inches of surface and tends to average out differences in

temperature over a surface. Wire type sensors are useful
therefore whenever it is desirable to control or measure

temperature over a surface rather than simply at a particular

point.
4. Linearity; wire sensors are almost ]i_car, a typical platinum

sensor will have a nonlinearity of less than 0.3 percent over

a temperature range of 200°C, e.g., 200 to 400°C.

5. Interchangeability; wire sensors are furnished with tolerances

of from 1 to 0.i percent or better and can be interchanged
without calibration.

6. Fail-safe; wire sensors have a positive temperature coeffi-

cient, if a sensor opens up, therefore, a controller will

turn off thus protecting other circuitry.

I Analysis of the three temperature sensors above indicates

that the wire type resistance sensors are probably best and efforts
should be madeto reduce the cost of these sensors for integration

into tile system. Platinum sensors are recommendedby tile manufacturer
as being most applicable to applications above 200°C on the basis of

I
long- term stability S

Although emitter temperature measurementis not considered

to be essential to system operation, it would be extremely interesting
to obtain such measurementsfrom a diagnostic viewpoint. The present

state of art allows long-term measurementby meansof an optical

pyrometer only. Short-term measurementshave been madeby using

special thermocouples but becauseof the extremely high temperatures,

4326-Final 7-13



diffusion of the metals occurs and the thermocouple shortly becomes
useless. !A list of possible methods to measure emitter temperature

is shownjin Table 7-III.

TABLE7-III

POSSIBLEMETHODSOF_ASURINGEMITTERTEMPERATURE

°

.

3.

.

5.

°

7.

8.

I0.

ii.

12.

Electron probes - utilizes the emission of the outer surface of

the emitter which occurs due to high temperatures - the probe

more likely will measure the average cavity temperature.

Radiometer (pyrometer) in conjunction with a black body hole.

Photovo]taic or photoconductive cells - similar to item 2. -

a suitable optical system must be devised and the cells must

be cooled.

Thermocoup] e thermoelectric

Resistance vs. t'_m_per_tur_

a. _f emitter itself

b. of an attached metallic gage

c. of an attached insulating material

Thermal expansion of emitter and a strain gage

Melting point of materials

Indirect methods

a. Radiator temperature

b. Seal temperature

c. I-V characteristics

Radioactivity - possible change of particle emission as a function

of temperature

Monochromator or other techniques for spectrL_n analysis of the

hot cavity

Methods 2, 3, or ]0 only used in comparison with a calibrated

black body hole

Pyrometer sighted into the generator cavity

4326-Final 7-14



Each of the emitter temperature measurementmethods cited

above needs laboratory demonstration to verify its validity. Prelim-

inary results obtained at Aerojet-Cenera] indicated that it was pos-

sible to obtain an average cavity temperature measurementby locating
a pyrometer at the center of the concentrator and sighting into the

cavity after adequate calibration.

7.3 Current Me_'_surement s

It is essential that currents from the, de/de converter and

into the load be measured for system control. Depending on power level

and other factors, the measured current might be fairly high in a

region where measurement by use of series resistors introduces exces-

sive losses. This _ection is concerned primarily with this type of

current measurement.

High currents can be measured by one of the following methods:

I. Voltage drop across a series resistor

2. Voltage drop across conductor leads

3. Magnetic modulator

4. Indirect e.g., measure ac current in de/de converter input.

Items 1 and 2 above would require an amplifier to provide

a large enough output voltage to be usable. To be practical, less than

one percent of the power should be cons<_ned by the series resistance.

This would mean that the voltage drop across the series would have to

be ]ess than about 7 millivolts per thermionic diode. If an output

voltage of 5 volts is required, an amplifier gain of nearly I000 would

be necessary. Item 2 would not be too practical because of the tempera-

ture. _oeifi_ient of resistance of the conductor leads. The current

measurement would, therefore, be highly dependent on an uncalibrated

resistance.

The third method appears to be the most practical. In that

the voltage drop would be insignificant and the power cons<nned by the

circuitry would be low. Figure 7-4 shows one form of this method.

If the total current through the lead is too great, the lead can be

4326-Final 7-15
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split and only a portion of the total current routed through the cores.

The output voltage can be made to any desirable value within reason.

The technique shown in Fig. 7-4 is a magnetic amplifier

bridge ci_-cuit used as a transducer. The device depends for its

operation on the switching chaL_acteristics of a rectangular hysteresis-

loop core material and the imposition of an ac excitation to "draw out"

the information in the dc bus. An explanation of the circuit is con-

tained in "Measurement of Large Direct Currents" by P. Covert, page 106,

Electro-Technology, October 1964.

7.4 Voltase Measurements

Voltage measurements can be made directly (if ground loops

are not a problem) or by some indirect form. Figure 7-5 shows a sories

string,, of 4 thermionic diodes with direct measurements being made.

By subtracting the 1-esults of one measurement from another, individual

diode measurements can be obtained.

If ground loops become a problem, a magnetic modulator can

be used similar to that used for the current measurements. A large

ntmaber of turns are wound on the "primary" of the cores so that only

a very small current is required. A resistor is placed in series to

"swamp out" the copper resistance which is temperature sensitive.

The device (shown in Fig. 7-6) llas the advantage that any reasonable

outpt:t voltage can be obtained and that the output is isolated from

the input. Therefore, individual thermionic diode voltages can be

measured with ease.

Outsid,_' of the generator voltages, other system voltages

can be handled by "normal" means. One technique for measurement of

a large ntmlber of voltages involves an _ina]o_, digital converter in

conjunction with a solid-state commutator. For a single voltage, a

solid-state VFO (variable frequency output) device is used along with

suitable detectors.
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8. SOLAR FLLD< CONTROL

Solar flux controls would be used for missions which present non-

equilibri_n conditions to the solar-thcrmionic system such as orbital

darkness, continually increasing or decreasing solar flux, etc. For

equilibrium conditions, solar flux control is not required.

For orbital application, solar flux control could be used for

the following:

I. Closing off of the cavity entrance during darkness to prevent

radiation losses and to maintain higher generator temperatures.

2. Regulation of solar input during startup to minimize temperature

rise rates.

3. Regulation of solar input to account for degradation of the

concentrator .

None of the above functions is mandatory from a system viewpoint;

i.e., the system will function without solar flux control. Furthermore,

the value of solar flux control for the abeve reasons is doubtful.

During darkness, the heat loss from the cavity is a small portion of

the heat loss from the rest of the generator. For startup, laboratory

experience indicates that high performance converters will require a
&

maximum of solar input_at startup in order to insure opening of the

diode. If severe degradation of a concentrator is expected, the use-

fulness of the entire solar-thermionic system is in question. On this

basis, the use of solar flux control for orbital applications is not

recommended. This conclusion might be changed with the introduction of

thermal energy storage, or with further data on startup of converters.

For missions which take the vehicle away from earth, solar flux

control would be used to regulate the input of tile solar flux to the

generator. If constant power output is a requirement, then an "active"

solar flux control is necessary.

4326-Final 8-1



However, if some variation in power output can be tolerated, it

appears possible to use an entirely "passive" system on an interplane-

tary mission without exceeding generator temperature limits. If further

experimental data verifies this conclusion, the need for an active solar

flux control is negated.

Compensation for large solar intensity variations with variable

loads or adjustments of cesium reservoir temperature is not possible

without considerable overheating of the emitter or seals during one

part of the mission. An examination of converter design to date indi-

cates that seal and emitter temperatures would become extremely high

and the reliability of the device would be in question.

The use of load control as a means of compensation for variations

in solar flux should not be discarded, however, but should be considered

in a separate converter development program with this specific goal in

mind.

An examination was made of solar flux control mechanisms, actuators,

electronics, etc. The recommended mechanism is a clam shell configura-

tion. The most predictable actuator in the high temperature environment

is a bimetallic element. Control of the'element would be by a heater.

An index mechanism could be used so that movement would always be one-way.

If no degradation of concentrator or components occurred, the solar

flux control could be actuated on a preprogrammed basis. However, the

preferred mode of control is by ground command based on monitoring of

system operation. Automatic controls are feasible but are relatively

more complex.

The principal objective of a solar flux control subsystem for

interplanetary journeys is to maintain preprogrammed energy input to

the cavity. On a trip from Earth to Venus, it is conceivable that a

system could be designed to operate at a low cavity temperature near

Earth and increased cavity temperature at Venus. Thus, the power out-

put at Earth would be low and the output at Venus would be high. On a

journey from Earth to _rs, the reverse situation would occur.
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It is possible to devise a "passive" system, without active solar

flux control, which wou]d maintain relatively constant power into the

cavity during the journey. However, as explored in Subsection 8.2,

the price for constant flux input is an inefficient system and larger

mirror diameters. "Passive" control is feasible if power variation

is allowed and generator temperatures are allowed to vary.

The basic techniques for solar flux control are:

I. Passive control

2. Misorientation

3. Variable cavity aperture

4. Shutter controls

Shutter controls cou]d be used to obscure the concentrator; how-

ever, the same degree of obscuration can be obtained with much less

weight and more sensitivity by obscuring the reflected radiation input

to the cavity; obscuration of the concentrator is not considered here.

8.1 Passive Control

Passive control implies that the physical constants of the

system are designed such that the variation in solar flux input to the

cavity is tolerable in te_s of variation in cavity temperatures.

The use of passive control is illustrated in Figs. 8-1 and

8-2. In Fi_. 8-I, the mirror efficiency is shown as a function of the

ratio of cavltv entrance diameter to mirror diameter. A perfect con-

centrator with a rim angle of 60 degrees is assumed. As expected, due

to a change in the size of the sun's image, the mirror efficiency will

reach a maximum at a smaller entrance diameter at Mars and a larger

entrance diameter at Venus.

The second curve _f Fig. 8-1 illustrates the change in mirror

efficiency which occurs with a given cavity entrance diameter and

change in distance from the sun. For large entrance diameters, the

change is slight. For small entrance diameters, the change can be

dramatic. Figure 8-2 illustrates the effectiveness of passive solar

flux control in terms of the relative power input to the cavity with
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D

a given entrance diameter at varyin_ distances from the sun. Also

shown is the percent change in solar flux into the cavity. As shown,

it is possible to have small variations on an Earth to Venus mission

if small entrance diameters are used. However, the efficiency of the

concentrator-absorber will be low and a lar_er mirror will be required

to produce a given power. The curves of Fig. 8-S do not account for

reflection and reradiation losses from the cavity; however, these losses

will not significantly effect the ratio of absorbed enerF_y.

On the Earth-Mars mission, a 40 percent change in power from

earth to Mars can be obtained with an entrance diameter which allo_Ts

relatively high concentrator-absorber efficiency at Mars.

The effects of variations in flux input to the cavity are

illustrated in Fig. 8-3, which shows two sets of experimental data

and the projected curve for a 15 percent efficient generator. As

shown, an increase in flux input to the cavity from I000 to 1500 watts

results in power output increases ranging from 60 to i00 percent, with

a cavity temperature change probably in the neighborhood of 1500 to

1700°C. Referring to Fig. 8-2, it appears possible to choose an en-

trance diameter that allows solar flux input variations from 40 to 60

percent at an overall loss in system efficieucy of 5 to i0 percent.

Assuming the system is designed for 1700°C operation at maximum input,

the power output _ould be approximately 1/3 less at minimum input con-

ditions. Thus, a 1000 watt system at Earth would produce 650 watts at

Mars or 1500 watts at Venus.

The results of FiF,s. 8-1 and 8-2 assume the use of a perfect

concentrator. The mirror efficiency curves shown in Fi_. 8-] will be

grouped closer together usin_ concentrators with finite surface errors;

i.e., the mirror efficiency at Mars and Venus will be more like that

at larth; however the c{_clu_ons r_':,_r(!ing t!_e use _ f pn_siw _ contrel

are not significantly effected. For mirrors with lar}_e surface errors

(e.g., >20 minutes) the energy into the cavity will vary simply as the

inverse square of the distance from the sun. Variation in rim angle also

does not effect the conclusions significantly in the 45 ° to 60 ° range;

somewhat greater control can be obtained with the 60 ° rim angle.
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In conclusion, the price for passive flux control _.aould be a

small decrease in system efficiency. The gain would be the elimination

of a somewhat complex control system. Further investigation i_to the

use of passive flux control is warranted with particular o.mphasis on

the effects of tempcratuL'e" aL'iatio_s o11 co:iverter _-eliability.

_.2 Contr(_l and >lisorientati(ul

It is possible to consider the use of deliberate misorientation

as a mechanism of controlling the solar flux input to the cavity. The

use of misorientation ccmtrol has '"any problems. These include:

1. As showi: in Figs. 8-2 an! q-l, mirror efficiency changes on

the order o_ ,O lwrcent are required for journeys to Venus

and Mars. To lose as much as 5() percent of the energy, mis-

orientations on the order of 1.5 to ,o arc' required. This

would place a major portion of the focal zone of the con-

centrator onto some structural element of the generator and

probably cause severe overheating.

2. The primary effect of misorientation is to create an uneven

thermal distribution wit!_in the cavity. Uniform temperature

distribution is the primary criteria which establishes the

need for maintaining orientations to -+ ten minutes of arc.

To maintain constant power output through misorientation,

several converters will be cooler while others may be warmer.

The uncertainty of what temperatures may be reached intro-

duces undesirable life problems.

3. Misorientation implies the use ,_f an attitude control system

exercising positive control. Deliberate misorientation will

influence attitude control design by requiring more gas,

changing the center of radiation pressure on the vehicle,

and introducing additional complexity.

In the event of failure of one or more couverters, the mis-

orientation angle would have to be chan_ed. This change in-

troduces additional complexity in the attitude_ control system.
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Also, while the power output from the generator remains con-
stant within -+5rain. of arc centered about zero misorientation

the "deadband" shrinks to perhaps !l min. of arc if deliberate
misorientation is introduced.

For these reasons, the use of misorientation as a meansfor
solar flux control is not recommended.

8.3 SolaL* Thermionic G_nerator Cavity Shutters and Controls

8.3.1 Basic Requirements

Since a thermionic generator must be designed to pro-

duce full power at the lowest level of input, a device such as a shutter

or metering unit can be considered to block off the energy reflected by

the collector into the cavity when the collector is in the high flux

density section of its orbit for two reasons: (1) to prevent over-

heating and degradation of the material which generates the electrical

power and (2) to keep the energy level being fed to the associated load

constant without extra equipment.

The operating conditions which the shutter and its

controls must meet are listed as follows:

i. The shutter, links, and controls must be able to withstand

the rigors of takeoff, orbital flight, landing on a planet,

subsequent takeoff, flight, reentry into the earth's atmos-

phere, and final landing on the earth's surface. In partic-

ulaL-, the shutter must be able to withstand temperatures as

i:igh as 000°C for lon_ _,periods of time ,,Jithout metallurgical

and mechanical deterioration.

2. The shutter probably _mst be locked in its closed position

for takeoff, so that the forces due to acceleration and vi-

bration cannot damage the Mmtter, its actuat,_rs and controls,

and the cavity cannot "see", and possibly be damaged by, th_

radiant solar flux.

3. At the proper time during orbit, the shutter must be released.

The release latch must not interfere with the operation of

the shutter.
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4. At startup, the shutter must be at the full open position

to speed the process of power _e_eration.

5. As soon as the generator reaches full power, the shutter

must begin to control the input flux. The shutter may begin

to cut back the cavity aperture before full power has been

reached to prevent overshoot. This type of control will be
subsequently treated in detail.

6. The shutter will allow the correct amount of flux to enter

the cavity regardless of the ener_y concentration or change

of energy level due to satellite position in orbit, that is,
distance from the sun.

7. The shutter must be able to compensatefor collector degra-
dation during orbital flight.

8. If the satellite vehicle suddenly were to lose its attitude

and the sun's image no longer were concentrated on the gen-

erator cavity for short periods of time, the shutter must

react correctly. It must remain open, or open wider than

the setting held before loss of image. And on the sudden

acquisition of the sun's image due to jet trimming for atti-

tude control, the shutter must react quickly and close down

fast enough to prevent damageto the thermionic generator,
if such actien is necessary.

9. Should the earth's shadowobscure the sun during orbit for

lon_ periods of time, the shutter must open wide to speed

the startup of power generation as soon as the _un's image
is reacquired by the solar collector.

I0. The shutter, its linkages, and its control devices must have

high reliability; at least as reliable as any other com-
ponents of the satellite.

Ii. If they fail at all, the shutter and associated controls must

fail "safe" during all stages of the life cycle of the power

generation equipment. For example, should any single part of
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the shutter fail to operate, it must necessarily fail in the

minimum open position to prevent possible overheating and

degradation of the theEnionic surfaces.

12. Thermal lag of the shutter and the controls must be short

for optimum control.

13. Ti_e enerzy drain due to the shutter controls should be held

to a minimum, so that almost all the radiant flux may be

used for power generation. This topic will be more fully

discussed below where possible auxiliary thermal devices are

postulated and the benefits derived therefrom are listed.

14. The shutter, links, and controllers must be producible from

"state-of-the-art" technolo_,,y if possib]e, to obviate lengthy

c_velopm_ut programs.

8.3.2 T'.DeS of ,ql_utters

As indicated above, a device is needed to meter the

quantity of flux entering the thermionic generator cavity. The device

can take the form of a movable shutter or could conceivably be some-

thin Z more exotic which does not require motion in operation. For

example, photochromic glass or thermometric films could block the cor-

rect amount of radiant energy for every operating condition. Only the

opaque, mechanically movable shutter does not interpose a constant

energy drain on the flux entering the cavity. All transparent mate-

rials which would be the substrate for photochromic or thermometric

shutters filter energy in varying amounts. Only movable mechanical

shutters will be discussed.

There are three basic types of mechanical shutters

applicable to this type of operation. They are (1) the flap, (2) the

clam shell, and (3) the iris diaphragm.

8.3.2.1 Fhe Flap Shutter

The flap-type shutter consists of a number

of sheet metal plates which hinge about their individua] pivots. They

would be actuated by links and levers attached to the controller
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(Figure 8-4). By geometry, the minimum number of sheet metal segments

in the group could be two.

The hinge for each segment must be fairlv

close to the cavity aperture. Since the seg_nents will intercept some

of the concentrated flux, because of the high rate of conduction, the

hinges must be able to withstand fairly high temperatures. Also the

pivot for the operating link which would connect the segment to the

controller would be subjected to high temperatures.

The amount of obscuration by the shutter

depends on shutter angle, size, etc. Fi_. 8-5 shows the percent of

flux from a concentrator as a function of cone angle. As shown, inter-

ception of reflected rays from the concentrator rim is more effective

than near the center. Fig. _-b show_ a typi(:al case of obscuration as

a function of flap an}{le.

8.3.2.2 The Clam Shell Shutter

The clam shell shutter differs from the flap

shutter in that each sheet metal segment is fastened directly to an

arm _hieh has a remote hinge (Fig. 8-7) The clam shell requires only

two segments to be effective. In this construction, no sensitiw'

parts, such as pivots, would be in high temperature zones. However,

this mechanical arrangement is more subject to the affects of vibration

due to the lon_ pivot arms.

8.3.2.3 The Iris Diaphragm Shutter

The iris diaphragm shutter consists of a set

of overlapping sheet metal segments, each of which has its own pivot

(Fig. 8-8). Each leaf or segment has a pin which rides in a slot in

a common rotary, adjustable ring. The controller attaches to the ring

to regulate the circular aperture.

The iris diaphragm has two weaknesses for

this application. They are (i) the leaf pivots would be subjected to

high temperatures and (2) the leaf pins would also be quite hot and
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have to slide along the setting rin_ grooves in a high vacuum--a con-

dition very conducive to friction welding.

8.3.2.4 Flux Distribution in the Cavity

Since the sun's radiant energy will vary for

-2
a trip to Mars from a high of about 130 watts-ft to a low of about

-2
44 watt-ft , the shutter might have to intercept approximately 65

percent of the energy available near the Earth. Of course, the cavity

aperture would be wide open at Mars. This means that all three types

of shutters discussed above cause poor flux distribution in the therm-

ionic generator cavity, particularly at the maximum flux condition.

This is when the aperture is at a minimum and the resultant image in

the cavity is small and highly intense - a situation conducive to high

temperature gradients. The flap shutter forms an odd-shaped opening

at minimum aperture; the shape slows transforms durin_ transition from

minimum to maximum to become a true circle. The clam shell aperture

shape changes in quite a different manner. At minimum opening thc_

aperture would be circular, and as the opening increased, the aperture

would no longer be circular; but as it neared the full open position,

the aperture would begin to approximate a circle, and in the wide open

position, the aperture would be circular again. The iris diaphragm

shutter aperture would be approximately circular in all positions.

8.3.3 Shutter Operators

While it is possible to conceive of various types of

operators to actuate the thermionic generator cavity, the feasibility

of use of most operators is low due to limitations of the energy

sources. These energy sources are limited to heat and electrical power.

For the application under consideration, heat is available either from

the flux reflected by the solar collector or an auxiliary reflective

device; or electrical energy can be obtained from the thermionic gen-

erator or an auxiliary device. Stored energy in the form of high pres-

sure gas or batteries does not appear feasible for long term space .journeys.
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8.3.%.1 _i_erator_; Ene__X th, at

There are three basic types of operators

which can be energized by heat. They are the bimetallic, bourdon tube,

and bellows operators. Each type will be discussed, including its

advantages and weakm'sses applicable in t}:e design under consideration.

Bii::etal [ic Operator

Two thin prismatic bars of identical geometric

shape and lenF, th but made of different material will expand linearly at

different rates as their temperature is increased. If the bars are

bonded together, the affect of temperature increase will cause the bars

to attempt to increase in ]em;th, each bar at its own rate. But the

bond between the bars will restrain ti_e bar of higher expansive rate

from expanding to its free lenF_th, and at the same time will strain

the bar with the lower expansion rate and cause it to elongate. The

total increase in length will be shorter than for the, higher expansion

metal, but longer than that of the lower expanding metal. The strain

will cause the composite bar to curve, so that the more expansive metal

will be under compression, the lesser expansive metal will have tensile

stresses. The bar will bend in circular arc, because the stresses will

be uniform along its entire length. These stresses may be represented

by a couple at each end of the bar. The motion caused by the bending

is the action that makes this behavior a useful operator by means of

proper linkage to the shutter.

For uniformly heated, freely deflecting pris-

matic bars of equal thickness and of equal elastic moduli fonded to-

gether, the stress at the bond can be shown to be

E EF

S =7 (a2 - al)(T2 - T1) = %-- (T2 -rt) (Ref. 8-1)

where S = stress in psi; I': = modulus of elasticity, psi; _i and g2 =

coefficients of expansion of each metal, inches/inclL/F; To_ - T I =
O

temperature change affecting the bi:_:etallic operator, F; and F = flexi-

vity, a measure of the deflection rate of the bimetal. Figure 8-9
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shows the stress distributfon in the composite b_r. The high expansion

metal will be in compression at the bond, and its extreme fiber will

be in tension; the low-expansion alloy will be in tension at the bond,

and its extreme fiber will be in compression. As noted in Figure 8-9,

the stresses at the extreme fibers are one-half the stresses at the

bond line, and the neutral stress axis of each part of the composite

bar is two-thirds of the distance from the bond line to tile extreme

fiber.

it. 2'imo._h, ko (R_ f. q- ) 'eveloped the

following eq_mtion to d, ter_.le t ei iecti ,n o: 'etallics:

1 6(_ 2 - a I)(T 2 - T I) (i + m)

--R = _ (m 2 , t] E 1h [3(i + mj 2 + (i + ran) + i__) , m = --- and n -

mn t 2 E2

In this formula, R = radius of curvature,

O

inches; _2 and al = coefficient of thermal expansion, inches/inch/ F;

T2-T 1 = temperature difference in operation, OF; h = total thickness

of bimetallic bar, inches; E 2 and E 1 = modulus of elasticity, psi, of

each alloy in the bimetallic bar; and tl, and t 2 = thickness of each

metallic layer, inches.

On inspection of the formula, it is noted

that the deflection is measured by the radius of curvature, ll; as the

R becomes smaller. The defl'ection then variesdeflection increases, _

directly, as the differences in coefficients of expansion between the

two metals, the temperature difference, and the thickness of the bi-

metal. However, since the coefficients of expansion do not remain

constant for almost all materials, the affect of these coefficients

will be discussed more fully below.

To determine the affect of the moduli of

elasticity of the two alloys, El, and E2, or the ratio of the two, n,

unitize the equation for curvature--that is, set all the factors in

the equation equal to one, except R and n. This yields the following

expression:
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i 24n
R 2

n + 14n + i

To obtain maximumcurvature, the equation is differentiated and set

= 0. R is the dependent variable; n is the independent variable.

This yields the interestin Z fact that n = I for maximumcurvature,
1

and under this condition, _ = 1.5. If the equation is changed so that
it reads in %of maximumcurwiture, St is written

]600n%K --max ")

n + 14n + 1

A plot of this equation is shown in Figure

8-10. Because the curve has a long, relatively flat section at its

peak, even such rather large ratios of elastic moduli of 2 to 1 will

yield about 95% of the maximum possible curvature or deflection. Ew_n

this can be compensated for by increasing the thickness of the lower

modulus material by the ratio of/_._-

VIlE1

To investigate the affects of component

thickness on deflection, the equation is again unitized, except for
1

R and m. Then,

1 6m

R )
(i + m)_

i

After differentiating as above, _m = I, and _ = 1.5.

Z of maximum curvature is

400m
K

%
(I + n) 2

max

The equation for

A plot of the equation is shown in Figure 8-11. It was assumed here

that the elastic moduli were equal. Any deviation from a i:i thick-

ness ratio will reduce the allowable deflection drastically. Even
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tl_eugh it is possible to compensate for _isnatch of mod_:li of elastic-

it)' by increasing material thick:less, it is usually better to keel?

tl_e ]:] thickness ratio than to modify it. The net deflection is

usual ly gr_,ater.

The coefficients of thermal expansion f,r

most bimetallic operators are nearly linear up to 200°C. Usually, the

manufacturer of these materials will provide curves or charts which

contain the values over tile permissible useful range of temperatures.

In computing the deflections for specific applications, an average

coefficient is used; it _s not often necessary to integrate the af-

fects of temperature for a more accurate value.

In applications of bimetallic operators, the

deflection of the unit must produce a force. Some of the heat absorbed

produces the deflection al_d som___ of it produces a force. If F, the

flexiv[ty of the material is con qidered a measure of the rate of de-

flection, then it ca_ be shown that

9

B a FAT_L- (Ref. 8-])

h

EF£T wh 2

and P ,a P
L

where B

F

L

Ii

= deflection, inches

= flexivity

= length, inches

= thickness, inches

AT B = temperature change to produce deflection, F

ET
P

P

E

W

= temperature change to produce the operator force, F

= force, ibs

= modulus of elasticity, psi

= width, inches
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Note that the thinner the operator, the greater the deflection, and
the greater the length, the greater the deflection.

The product of the two above equations is

BP _ EF2 ATB £Tp whL

but whL = V = volume

)

BP a EF _ AT B *,Tp V

For equal values of force and deflection, B

and P, and for the same temperature range,

1
V _ --

EF 2

The volume of active material is inversely proportional to the E F 2

value of the materials. It is also inversely proportional to the man-

ner in which the temperatures are allocated between deflection and

force, that is,

1
V a

AT B £ T p

Since AT B and 4Tp are the component parts of the temperature difference

which cause the bimetallic to deflect and to exert a force,

X

£TB = l-x £Tp

where x = percentage of AT B of total temperature range. Then,

a l-x x
V , and also, V

2 o

x(ATp) (l-x) (ATp) _

1-X X

Per unit temperature chan_<e,Vc_ and -- .
X 1--X

D
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Figure 8-12 is a plot of this equation, and indicates clearly that for
maximumutilization of material--minimum volume for maximumdeflection

--the temperature difference for deflection should be maintained equal
to the temperature difference for force.

The affect of operator width on performance

is empirical and quite shall. The corrections for width are obtainable

from mater_al manufacturers' catalogs and specifications.

Flexivities for various bimetallics are ob-

tained by a standard ASTMtest and the values are also available in

suppliers' manuals.

Bimetallic operators are madein three main

types -- coils, strips, and formed parts. The coils are further sub-

divided into spirals, helices, and double helices. The spiral and

helix are usually used where rotary motion is desired; the double

helix where linear motion is wanted. However, there is some longitu-

dinal motion with a helix coil and somerotary with a double helix.

Straight line motion is obtainable from a simple beam, cantilever beam,

C-shape and multiple C-shape formed by welding reversed bimetallic

lengths. This list by no meansexhausts the different possible combi-
nations.

Bimetallic operators have the following

advantages:

1. Lowmass and relatively small heat absorption for operation.

2. Short thermal lag.

3. High reliability, if operated within the design limits.

Bimetallic operators have serious limitations,

too. They are:

i. Upper limit of operating temperature is approximately 575°C.

2. Operator force and stroke is fairly low.

3. Linkage is required to connect operator to item being operated
on or moved.
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Bourdon Tube Operator

In principle, a liquid or gas-filled bent

tube of noncircular cross section and sealed at one end will, when

subjected to a t,_':, ratur, change., and hence an intern_] pressure

change, distort from its original shape. The internal increase

in pressure tries to make the tube become =_ore circular. Ibis results

in a motion of one end of the tube, if the other end is fixed. The

motion of the free end is called "tip travel". When the tube is formed

into a C, a helix, or a spiral, it becomes a bourdon tube operator.

Because exact analyses of the behavior of a

bourdon tube under pressure and temperature is extremely complicated,

bourdon tube design has been based on empirical equations. A typical

equation for a flat cross section is

1 1

aP 5 A _3 IA
(Rei. 8-3)

where A a = angular deflection of tip, deg

a = total angle subtended by the bourdon tube, deg

P = differential pressure between inside and outside of

tlle tube, psi

E -- modulus of elasticity of the tube material

A, B = cross-sectional dimensions of the tube, inches.

t = thickness of tube material, inches

R = radius of curvature of the tubing, inches--a constant

for helical and C-type units, a variable for spiral units

Both _P and E in the above equation are tem-

perature dependent. E, the modulus of elasticity, decreases for most

materials with an i:_crease in temperature, except such specialized

materials as Ni-Span C '_ . This latter material has a constant mod-

ulus over only a temperature range of -50°F to + 150°F, then decreases

as other metallics do. The average value of the modulus through the

operating temperature range is used to compute the angular deflection.
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The pressure P w_ries with temperature for s

gas-filled bourdon tube systen:. In fact,

wr T
p =

V
O

where

Then,

w = weight of gas in the fill, lb.

r = gas constant of the fill, ft.-Ib/l!-OR (nitrogen = 55.2)

V
O

T = te_uperature, °R

= original volume, cu. ft.

1 1

wRT _R 5 A 3 3

A a = 0.05 a V'E IT} (BI (A_)
O

A liquid filled system develops pressure

changes in the bourdon tube by tile differences in volumetric coefficie_its

of thermal expansion. If 3 times the lit_ear coefficient of thermal ex-

pansi_n is less than the volumetric coefficient _.f thermal expansion of

the l_quid, tl_en the liquid will be compressed as follows:

V = V - 3 _) A T wherec o (¢ZL '

V = volume lost by compressibility of liquid, cu. inches
c

V = original volume of liquid, cu. inches
O

_L = volun_etric coefficient of thermal expansion of liquid,

cu. inches/cu, inch/°F

O_! = linear coelficient of thermal expansion of metal

container, inches/inch/°F

AT = temperature increase, oF

P = K V = K V (¢xL - 3 _) AT, where K is thec o

bulk modulus of the liquid fill. Then for the liquid-filled bourdon tube,
1 1

A a = O.05a K Vo (% - 3 _) AT I_l 5 (_A)3 (A_)3
E Itl

The torque-gradient constant for a bourdon tube

is defined as the force the tip of the tube applies as it deflects one
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degree. Thus, if the torque-gradient constant is known, it is possible

to determine what mechanismscan be operated with the desired sensitivity

and accuracy. The torque-gradient is then determined by

P
G = C _a (Ref. 8-3), where G = torque-zradient in Ib-inchos/deg

of deflection, C = torque gradient constant (determined by test),

P = pressure in the bourdon tube, psi, and As = angular deflection,

de_rees.

Another type of rating is often used for

measuring the output of a bourdon element. It is called "power rating",

and is formulated from the following equ_tion:

W = FY.

where F = force required at tl_e tip, parallel to the direction of motion,

to re_train the ele:ent when it is acting at the pressure level of

interest; Y = motion of the ele:':ent, unrestrai:_ed when the pressure is

applied; and W = power rating or work fact_,r ele:_eut.

The bourdon tube operator has the following

advantages to recommend its use as a temperature sensing device and

controller :

i. Direct connection without intermediate linkage is possible.

2. Linearity is high and hysteresis low.

3. Sensitivity is good.

4. Life is long and unit is very reliable, if not operated

beyond design parameters.

On the other hand, the bourdon tube has some

undesirable characteristics as listed below:

i. Large thermal lag due to gas or liquid fill in bulb which

would be in the high temperature zone.

2. Maximum operating temperatures below 500°C.

3. Operator force and stroke is fairly low.

Bellows and Diaphragm Operators

A bellows element is a oue-piece expansible

and collapsible unit, with its flexibility mainly in an axial direction.
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It is obtainable as a formed thin seamless metallic tube which is deeply

folded or corrugated, or it can i.e obtained as a series of stampings or

spinnings welded tc,gether to hake a corrugated bellows structure.

Bellows are available from manysources.

Manufacturers' catalogs list the characteristics of the various designs

they produce in a wide range of materials. They also list the maximum

stroke and pressure each unit can sustain. For high reliability,
bellows should be operated at pressures and strokes well below their

assigned maximums. The bellows should be used under such conditions

that the stress in the metal does not exceed 25 percent of the yield

strength at low temperatures; at temperatures high enough to affect

the modulus of elasticity of the material of construction appreciably,
it is best to use the creep strength of the n_.etalat that temperature
as the stless limit.

For the general case of a spring-opposed

bellows, the equation of the deflection is

d(K b + K s)
p = (Ref. 8-4)

A
e

where d = deflection of the bello_:s, inches

P = applied pressure, psi

A e = effective area of the bellows, sq. inches,
2

= i--_(Outside Dia. - Inside Dia.)

K b = spring rate of bellows, lb./inch

K = spring rate of restraining spring, lb./inch
S

If the bellows has to actuate a mechanism that

resists with a force, F lb., over a distance, S, inches, then

F + S (l(b + Ks)
p =

A
e

As indicated in the preceding section on bourdon

tube ele_:_ents, in gas filled bellows system, s, the pressure,

w rT
p =

V
O
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then V IF + S (Kb + K )]0 S
A =
e wrT

For a liquid filled system,

P : K Vo ('_L - e _ ')£T,,

and A =
e

liquid fill.

F + S (Kb + K )
8

}4 Vo (C_L - 3 <<,),,LT
, where K is the bull. modulus of the

A metallic diaphragm capsule consists of two

diaphragm shells soldered, brazed, or welded tozether. One or more

capsules rigidly connected together make a diaphragm element. The

diaphragm measures pressure change by deflection. And a pressure change

in tl_e application of operators under consideration would be caused by

tev:perature chancre of gas or fluid contained within the syste_n.

The pressure-deflection relationship is given

empirically in tl:e equation,

where

d =KR (P -P ) t
O

-1.5 D:. (Ref. 8-5)

d = deflection of center of the diaphragm, inches

K = capsule constant which tales into consideration the

modulus of elasticity of the metal and the shape of

shell and its corrugations

P = applied pressure, psi

P -- initial pressure, psi
o

D = active shell diaphragm diameter, inches

t = metal thickness of diaphragm, inches

As indicated in the discussion of bellows and

bourdon tubes, P the pressure can be obtained for a gas-fill unit from

wrT
p =

V
O

and for a liquid filled system from

P = K V (0_L - 3 %[) ATO
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The deflection varies as the active dia_:_eterto the fourth power, which

_eans that for the sar:e pressure range, doubling the dianeter increases

the deflection by a factor of It. Ij is affected by high temperatures,

because it varies inversely with the modulus of elasticity. K can also
be changed by corrugation design_to yield as muchas a threefold increase.

Both the bello_s and diaphragm operators have

the samevirtues and weaknesses, the differences are so slight that they

need not be enumerated. The bellows and diaphragms have the following
advantages:

I. The deflection forces can be moderately large and the

deflection distances great e_ough to eliminate the need

for linhaf;es, if so desired.

2. The operator itself need not be in the high temperature

zone; only the bulb which contains the gas or fluid-fill

being heated needs to be in the "hot spot."

3. The reliability of the system is higll, if operated _ithin

the design limitations.

4. Linearity, hysteresis, and sensitivity are good, if the
syste_:-_is correctly designed and fabricated.

The _eaknesses of bellows and diaphragm

operators generally are as follows:

i. Thermal lag is high.

2. State-of-the-art technology limits the system to operation
below 500°C.

8.3.3.2 Operators Ener_iized by Electric Po_.er

Two types of operators energized by electric

po_er are the l_uear motor (solenoid) and the rotary motor. Each type

require electric energy for motivation, This e_ergy would have to corse

fro_ the pri_e e_er>_,y source, in this case the tl_ermionic generator, or

from so_:e secendary source, such as an auxiliary generator or storage

batteries. This latter source of power could be a provisional source,

nuch iii_ an automobile storage battery, which is used only for startup
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and kept char_ed by engine or main power source so that the stored energy
will be available as needed to start a _ew cycle.

If t]_e auxiliary electric po_'er source for the

operator is an au.xiliary s_:_all_e_erat_,r, the tinge lag before someenergy

would be available to the operator would be smaller than waiting for the

main generat(_r t_) be:%inproducing ener:y. This assumesthat the auxiliary

generator would be also subjected to conce_trated solar energy.

No matter what the energy source, the shutter

position for the period whenno solar energy is being reflected by the
concentrator should be "safe." This meansthat t]_e shutter should be

nasking the /_e_lerator cavity as though it were in the position of maxi-

n_um flux. Thus, on acquLrin_ the sun's Linage in the worst case - near

tl.e earth - tl_e cavity would not run the danger of being degraded by

excessive flux absorption before ti_e controls had a chance to react;

or if by failure of one or more parts t__ _perate properly, the entire

systen _ would dege_cr_te tc_ uselessness.

Linear _iotor Operator

Linear or solenoid operators provide only two-

position operation. Although they can be made to operate a mechanical

stepping device which would provide more than two positions of the

shutter, the complications of such a device, especially for space vehicle

application, are an unnecessary burden, if other simpler systems are

available.

A two-position shutter as operated by a solenoid

would provide the simplest type of te::_perature control, hnown as "on-off"

control. In the open position, the aperture presented to the solar

collector would be the maximum necessary to _:enerate the required power

u_der t]_e minimum solar energy conditions, in the closed position, the

aperture would be only about 1/3 as large as the open position just

large enough to adn_it a _erce_ta_e of the concentrated energy near the

earth continuously without overheating the generator.
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follows :

I.

2.

3.

•

The advautages of a linear operator are as

It is a simple, very reliable device.

Larvae ferces and long strobes are possible.

Since it d_,es m_t use heat as energy source, it need not

not be subjected to high te_nperature.

The operator would be designed with an opposing spring,

and hence would be fail safe.

The _Jeaiu_esses of a solenoid operator are as

Because it uses electric power, it requires a converter

_ich turns heat into ener_y.

2. The solenoid plunger would slide in linear bearings, a

severe problem in interplanetary space.

3. Only on-off type shutter control is possible with this

operator.

Rotary Hotor Operator

Rotary electric motor operators usually consist

of electric motors, a gear reduction unit and output shafts to each of

which is faste_ed a lever arm. The driving motor size depends on the

actuation require:_ents. The motors can be unidirectional or reversing,

and may incorporate :echanical brahes to prevent overrunning.

There are four ge_eral types of rotary motor

operators: two-position types, multiposition types, reversing floating

types, and proportioning types. The basis for their selection depends

on the sensing ele:_ent and the type of control system with which they

are used.

Two-position r_tary motor operat_rs n_ay be

either unidirectional or a reversing type. Li_e the linear operators,

they travel toward and stop only at eitl_er extren_es of travel. This

action is accomplished by holding and limit contacts which are part of

the motor circuit.
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Eultiposition rotary electric motor operators

are of the reversing type and are similar to the two-position type,

except that tl_ey _re provided with one or more additional sets of contacts,

so that they mayhave inter:_ediate adjustable positions bet_een the two

extrenes. Nultiposition operat_rs require _ulticontact control systems.

Floating-control type r_tary electric operators

are reversing motors which usually have limit switches at each extreme

of travel. The gear reduction is very high so that the actuator travels

slowly. The control instru_ent has a single-pole double-throw s_itching

action with a dead neutral of adjustable width. The operation would be

as follows if it were used to operate the shutters of a thermionic

generator: If the cavity were becoming too hot, the control unit would

pass current to motor windings which would cause the armature to rotate

in such a direction as to move the shutters very slowly to a position

of smaller aperture. Since the motion is very slow, thermal changes

could pace with shutter position. As soon as the cavity would cool to
the correct temperature, the control unit would cease to feed current to

the motor. On the other hand, if the cavity were too cool, the control

unit would pass current to the reverse set of windings, and the armature

would rotate in the reverse direction mltil changewas no longer called

for by the control unit. Limit switches would prevent overtravel at each
extreme end of stroke.

Proportioning-control rotary operators have

reversible electric motors and limit switches to prevent overtravel.

They also have a slidewire control resistor. The slidewire contact

position is related to the operator position and moves from one end of
the slidewire t_othe _ther as the actuator moves from one extren_e of

travel to the other. The associated control instrun'ent has a slidewire

resistor similar to the one within the operator. By n_eansof a balancing

relay, any displaceT_ent to either side of tl_e slidewire set point causes
current to flow in the motor windings so that the armature will turn to

correct the inbalance.
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_Iore complexversions of the proportioning-

control operators add a reset action for closer control. Others, even

more complex, can be used, but their very complexity mitigates against
their use.

Since the four basic rotary electric motor

operators are directly associated with tl_e particular type of control

unit, an exami_lation of their virtues and _:ealmesseswill be limited

in this section to a generic critique. Rotary electric motor operators

have t1_efollowing advantages:

i. They are electrically poweredaud hence do not have to operate

in zones of high temperature.

2o Their output in torque is limited only by the available energy;
their length of strohe is also high.

Electric motor operators have the following

_eaI_nesseswhen used in space-vehicle po_:er generation systems:

I. They require a source of electric energy other than heat.

2. They are coluplex 1:_echanis1_swhich require rotary bearings,

gears, seals, lubricants, electrical contacts, etc.

3. They are not inherently fail-safe devices. Someexternal

means, mechanical or electrical, must be used to assure the
fail-safe condition.

8.3.4 Shutter Systems

A shutter system:" is an integrated device which includes

the shutter, the linkages, the control device, the operate)r, and the

various associated items of hardware, such as bearings, springs, and

fasteners.

8.3.',.1 Control System

Not all types of control systems can provide

satisfactory perfor_nance of a dynamically functioning device which has

to neet variable conditions. The open-loop control system represents

the simplest type of control syste_. It is not a satisfactory type for

a thermionic generator which requires the control of an aperture by
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shutter movement. The aperture could be programmedtimewise on, say,

a trip to Mars to mt_vethe shutters to open up the aperture. However,
because there is no feedback of inforn_ation to the contr_,ller, un-

foreseen events or circumstances or errors of design could allow the

wrong u:agnitude flux to enter tl_e c_vity. In order to _'_aintain accurate

control of the flux e_tering tl.e cavity, the actual output or condition

of the system must be monitored and compared with the desired output,

which becomes the input signal. An actuating signal, _:echanical or

electrical, proportional to the diiference between tile cutput and the

input n_ust then be sent through the system to correct the error.

A system with a feedback path as described

above is a closed-loop system:. It must be noted that the output dis-

placement cannot respond instanta_e_msly. Tl_e system has all the

characteristics of an electrical feedback system with time logs,

oscillation, phase difference, etc.

Although a closed-loop system can offer more

accuracy in control than open-loop system, it can also be unstable.

In most feedback control systems, if the gain - the ratio of the increase

of the output over the input signal - is t_,o high, the system may tend

to overshoot and overcorrect the error, and its output may oscillate

unduly. An unstable system is useless. Also, when the final output of

a feedback control system does not equal exactly the referenced input

owing to friction or errors inherent in the feedbacI_ systeu_, the system

may have a steady state error. Feedback control systems must be designed

as a compromise between stability and accuracy.

8.3._.2 Types of Controls

Closed-loop control systems have two important

features of control: (I) the feedback and control signal and (2) the

response of the controller to the signal or its mode. The feedback

syste_,_ may be classified in a number of ways, some of which are as

follows: (I) continuous-data feedback control, (2) relay-type feedback

control, and (3) san_pled-data feedback control.
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Continuous-Data Feedback Control. In continuous-

data feedback, the signal is a continuous function of time. The continuous

data may be modulated, in which case it has an a-c carrier signal, or, if

unmodulated, the feedback control is called a d-c system. In the latter

syster_ the feedback signal is steady state or of low frequency.

Relay-Type Feedbac1_ Control. In a relay-type

feedback control syste_, the full power for correction is applied as soon

as tl.e errer signal is lar_..e enough. The feedback control signal is an

on-off type, and r_aies the entire control system nonlinear.

Sa_:_pled-Data Feedbacl. Control. In a san_pled-

data feedback type systen_, the control signal is sampled at intermitte_t

intervals. The signals are in the form of a pulse train. A radar

tracking systen" is an example of a sampled-data system, because infor-

mation on tl_e azinuth and altitude is in the form of pulsed-data from

the scanning operation.

8.3.'_.3 ?lodes of C_ntrol

There are at least six common modes of

control. Each of them is applicable to processes to be controlled with

varying des_',rees of closeness of control. Each mode of control will

cause the process to perform in such a manner that the output will

follow any rate change at a certain speed and will have a certain

inherent amount of lag or dead time. Each mode of control is inherently

best suited for certalin process changes, which may be small and slow,

small and fast, large and slow, lar_-e and fast, or any other possible

pe n aut a t ion.

The six common modes of control are two-

position, floatin!;, proportional, pr(portional plus reset, proportional

plus rate, and proportional plus reset plus rate.

Two-Position ilode. On-off or two-position

mode of control is the simplest. In two-position control, the final

control element is quickly rdoved to one of two positions (high or low,
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or open or closed) when the controlled variable deviates a predetermined

amount from the set point of the controller.

In general, two-position control functions

satisfactorily between the desired control limits of a given process

if the service require:_ents are a slow reaction rate and minimum lag or

dead time, and if the operator adjusts the position of the controlling

device so that it permits an input slightly above (on position) or

slightly below (off position) the nornal operation.

Although two-position control will accommodate

load changes to some extent, such changes must not occur rapidly. As

the load changes, it is possible for the controlled variable to deviate

markedly before it is reestablished by cycling. Cycling time st the new

load will vary, too, and its average value will be higher or lower,

depending on the direction of load change.

Floatin_ _1ode. In the floating mode, the

final control element is moved gradually at a constant rate toward

either the open or the closed position as may be required to control

the variable and keep it within the neutral zone. The final control

elen_ent moves at a much slower rate than the final control element of

a two-position controller.

In floating control, there are no fixed

positions for the final control ele_ent. The element can assu_e any

positions between the extremes. When the controlled variable is outside

tJ_e neutral zone of the controller, the final control element travels

toward the corrective position until the controlled variable is again

in the neutral zone, or until the controller reaches its extreme position.

Floating controls are usually found in elec-

trically operated systems. They tend to produce cycling of the control-

led system. If the operator were to move too fast, two-position control

would result; if the operator were to move too slowly, the control

system would be unable to keep pace with changes. Thus, the rate of

operator motion with the most rapid anticipated changes that can occur
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within the syster_. The greatest advantage of floating control is the

smoothnesswith which gradual changes are met.

Proportional Control. There are two types of

proportional control: (I) proportional-position action which is generally

called just "proportional control," and (2) average-position action,

generally called "time-proportioning control."

In proportional control, the final control

element assumes a definite position for each value of the controlled

variable. For each change of the controlled variable, the operator

changes its position by an amount which is proportional to the change

of the variable.

The time-proportioning control mode, which

can be provided by an electrically-operated controller, is an off time

and on time rather than a position of tile final control element. The

on-off time, are proportioned to the value of the controlled variable.

For each value of t1_e controlled variable there is a definite on-off

cycle. The length of the on plus off cycles is constant through the

eutire range of the controller; only the ratio of on-to-off time varies

within each cycle.

For flexibility in application of electrically-

operated controllers, a calibrated adjust_ent called the "proportional

band" is usually provided in both types of proportional controllers.

The proportional band is that range of the final control element in

proportional-position control, or to the percentage of an on-to-off time

in time-proportioning control. The band is usually expressed as a per-

centage of the full-scale range of the controller.

The size of the proportional band will in-

fluence the size of correction which the controller will dictate for a

deviation fro_ the set point. The formula for percent of motion for the

AT
operator, S = -_-x i00, where AT is deviation from set point in degrees,

and P = the length of the proportional band in percent of total instrument

range. Thus, for a change of one degree, the operator motion in percent
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of total motion from one extreme position of the operator to the other

extreme is inversely proportional to the proportional band.

Proportional Plus Reset Mode. The set point

of a controller is at some intermediate value of the controlled

variable within the proportional band_ usually at or near the middle.

With load changes or changes of operating conditions, it is helpful to

change the range of the operator. This can be accomplished by an automatic

reset action incorporated in the electrically operated controller.

In proportional control, there is only one

position of the final control element for each value of the the controlled

variable with the proportional band. If tl_e new position of the operator

is not sufficient to compensate for the conditions, then the automatic

reset shifts the proportional band upward or downward as may be required

to meet the new conditions.

Proportional Plus Rate Mode. If the process

to be controlled has a large dead time or a high transfer lag, even the

proportional plus reset mode of control is unsatisfactory. The propor-

tional band must be set exceptionally wide and the reset rate unusually

slow to avoid excessive cycling. These cause wide deviations and long

time periods for return of controlled variable to the set point. The

addition of rate action to proportional control may solve the problem.

Rate action initiates a large corrective

action for a deviation. Then, after the controller has made the large

initial chan_oe, it reduces the first chancre to the corrective change of

a proporti_rnal band response to deter_'ine the position of the final

control ele:_ent or operator. The extra chanF,e tends to counteract the

unfavorable effect of process lag. It is a te_uporary overcorrection

proportional to the deviation fron_ the set point.

Pro_portioilal Plus Reset Plus Rate Action Mode.

The proportional plus reset plus rate action mode of control adds one

more control factor to the proportional plus rate action mode discussed

above. It adds the reset factor. The proportional plus reset plus rate
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action modeproduce5 operator response in proportion to (i) the devia-

tion of the controlled variable (proportional action), (2) the size and

time length of the deviation (reset), and (3) the rate of change of the

controlled variable (rate action).

8.B.4.4 Operator and Type of Control

Heat-Ener_iz_ed Operator and Type cf Control.

A heat-energized operator, be it a binetallic strip, bourdon tube, or a

bellows unit, is a closed-loop combination device. It senses change of

ten_perature and at the same time is the operator and controller. It has

its own built-in continuous feedback and also is a proportional control

device. For every deviation from tl_e set point, the controller has one,

and only one, p_sition. The operator can act either directly or through

a linkage. In fact, the heat-e:lergized operator is a complete control

syste_ in itself. It can be T:.ade t_ monitor m_re than one variable by

the use of combinations of two or more heat-e_Ler_ized operators attached

by common linkages to the controlled eleL_eut, which in the case under

discussion is a shutter.

Electrically-E_ergized Op_erator and Type of

Control. Both electrically-energized types of

operators, the linear and rotary motor, require a sensing device to

feed back a signal t_: the controller that the te_perature is deviating

e_ther above or i_e]ow the _et poiut. This sensor perforr_s its role in

the manner of a relay-gype data £eedback system.

If a linear electrically-powered operator is the

actuating device, only an on-off electrically operated controller can be

used. Actually, the controller would be in the form of a relay° The

error signal from the ten_perature sensing device (probably a thermocouple)

would travel through the coil of a sensitive relay which would feed elec-

tric power from the thermionic generator or auxiliary power source to

the liuear operator coil. The operator armature would move to its extreme

position to change the shutter to the wide open position. As soon as the
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error signal from the thermocouple sensor was cancelled out by the

temperature increase, the relay contact would disengage and the shutters

would return to the minimumaperture position.

The rotary electrically-powered operator, on
the other hand, could be fitted with any of the 6 modesof control devices

as noted in Sec. 4.3. The aperture created by the shutter could be con-

trolled as closely and as precisely as desired by use of progressively

complex modesof control. Of course, the controlling device and the

operator would require electrical e_ergy either from the thermionic

generator or an auxiliary device.

8.3.4.5 Mechanical Components of Shutter System

All m,echanical components of the shutter system

must n_eet the test of reliability. If they are to be reliable, the com-

ponents must not degrade under the eperating condition of high temperature

in a high vacuu_n and tl_e nonoperating co_!Ltions of space vehicle en-

vironment during storage, terrestrial shipu_eut vehicle takeoff and ascent,

and, finally, del loyment in orbit.

Bearings. To eliminate the problems of lubri-

cation and the sliding of one surface over another in space, only flexure

type pivots should be used. See Fig. 8-13 for a pictorial representation

of their construction.

The pivots have no friction because the moving

parts are connected by flexing sprin_s. This eliminates lubrication and

seal problems. Performance is stable and highly reliable over a wide

temperature range. An_lar rotation is almost directly proportional to

the applied torque. The pivots have a long service life if used within

reconm_ended loads and angular rotation.

Materials of Construction. Materials of con-

struction pose many problems. For example, the material to be used for

the shutter T_.ustbe refractory enough to withstand the concentration of

solar energy it intercepts, particularly during periods of maximum solar

intensity, as may be encou;itered near the earth. During the period it is
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being so heated near its extremities, the shutter must not deform geo-

metrically or degrade metallurgically despite the fact that it is in

high vacuum environment. Since the shutter must have a low mass, it

must be made of thin gage material. It would also be better if the

shutter were to have a very low coefficient of absorptivity; that is,

reflect to space most of the intercepted unneeded energy. Thus, the

shutter and its attachments could operate at somewhat lo_,er temperatures.

Yet the shutter must be strong enough to withstand the rigors of tal_eeff

with its attendant twin sources of stress due to vibrations and accelera-

t ion.

To choose a shutter material, it is important

to know what temperature will be encountered by the shutter. To simplify

the task certain assumptions must be made. First, the shutter tip is

heated only by the radiant flux fro_',the mirror because it is assuv_ed

that the temperature of the tip is approximately the same as the cavity

te_uperature. Second, the plane of the shutter is always parallel to the

collector focal plane-a condition that is most nearly met by the clam-

shell-type shutter. Third, the worst case is _hen the shutter must

intercept 2/3 of the solar flux available just above the Earth's

atmosphere, namely 430 Btu (hr) (sq. ft). Fourth, the shutter "sees"

only the mirror whese temperature is so small that it may be neglected

in computation.

worst case,

where

Then in the steady state condition for the

' 4)2/3 QA = _ F F A (T _-T
m e a s s m

= absorptivity of shutter
9

Q = el_ergy input from the sun = 130 w/ft _

A = projected area of the mirror, sq. ft.
m

= Boltzmann's constant

F = configuration factor =
a
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1/2 = 0.615 for a 5' mirror

D = mirror diameter in feet and f = focal length in feet
m

F = emissivity factor = E 1 E o where E 1 = emissivity of the
e

mirror and E 2 = emissivity of the shutter

• = 0.5 x 0.5 = 0.25
Assui:_e each = (0 5), then F e

F = 0.9 x 0.9 = 0.81
e

A = area of shutter to intercept the energy, determined by
s

geer_etry to be approximately 0.02 sq. ft. for a 5' mirr, r

T = temperature of the shutter
s

T = te_:perature of the mirror
m

Under the assumptions above, in the worst case,

the shutter temperature is 2750°C.

Due to the construction of the shutter, the

part of the shutter which does not intercept the solar flux aimed at the

ther_ionic generator cavity acts as a radiator. The shutter conducts

the heat away from the hot area according to

Q = k
m

A2 AI AT

A 2 x 2 - x

2.3 loglo _i

where

Q = steady rate of l_eat flow

k = mean coefficient of thermal conduction over the ?_T
in

temperature range, Btu/(hr) (OF)

A2 = area through which heat flows at right angles at outer

perimeter of shutter, sq. ft.

A 1 = area through which heat flows at right angles at edge

of hot zone, sq. ft.
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AT = T 2 -T I = temperature difference of hot zone to tip, °F.

XI, X 2 = distance of hot zone boundary and shutter tip from

center of the shutter cavity, ft.

Radiation from the radiation surface is

F A AT 4
Q = _ Ye a s (rs " -_)

If some probable values are substituted into this equation, such as

k = 92.5 for tungsten, F = 0.45, F = i, etc., then AT _ 900°C. The
m e a

temperature on the shutter will range from 2750°C to 1800°C for this

case. These numbers are only ballpark but illustrate the problems.

Such high temperatures developed within the

shutter can be reduced by relatively small percentages by adjusting

values for emissivity, the so-called "view factor," Fa, changing the

area of shutter w_lich intercepts the flux, and other para_mters. It is

possible to live with such high ten:peratures in space, if the proper

base material is selected for the shutter, such as tungsten or tantalum

which has high conductivity and a high _elting point.

Haterials for fasteners, linkages, and bearings

will have to withstand te_peratures perhaps as high as 5O0°C. These

te_peratures will not place a severe burden on material selection.

IIowever, care must be exercised in design to allow for compensation for

high temperature gradients wJlich may exist.

Materials for use for heat-energized operators -

bimetallic strip, bourdon tube, and bellows - do not exist at present for

operation above 500°C. If it is necessary to monitor temperatures beyond

this range, an indirect _ethod _ust be e_plcyed, such as fastening the

monitor to a conductive refractory material (tantalum) in such a way

that the monitor te:_perature will nct gc_ beyond 500°C.

Materials for electrically-energized operators

are an even more complex problem than material requireme_ts for the heat-

energized operat_rs. First there is the problem of the temperature scissor.
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The sensor can be a thermocouple but long-life operation above 600°C

is not probable. Second, the electric operators, linear or rotary motors,
have a top operating temperature of 350-400°F. They would require

shielding and good radiators to keep their ambient temperature below the

maximumallowable level. The operators also have sliding bearings, gear,

and seals which all have their attendant problems for operation in space.
Third, the controlling devices for the operators must have materials

suitable for space operation or they must be completely sealed and have

sufficient radiator capability to operate without everheating. Their

position on the generator pacl_ageis immaterial, hence it is possible
to locate the_:_in the most convenient cool zone.

There are three important factors which affect

the choice of modeof control. They are (I) stability of the control

loop, (2) sensitivity of the system, and (3) the reliability of the
system under all operatinB conditions.

Stability of the Control Loop. A feedback

control loop is stable when a disturbance causes a change in the system to

bring the variable to a steady, noncyclic value.

Automatic control calls for measurement of the

error from the set point, comparison with the standard, corrective action

to reduce the error signal to zero, and the reaction to the corrective

action. This chain of energy exchanges goes through the control system

and the process continuously. The process and the control system

usually retard and delay these energy excl_anges. Control-loop stability

can be described in ter_s of these ite_:Lsof retardation in time and

energy loss or gain around the loop.

Since corrections to process input must oppose

changes in process output to restore the desired value of output, it

means that the c_,rrection to input must be negative compared to the

change in process output. Therefore, tl_e feedbach signal must be as

negative as possible (-180 ° ) with respect to the change in process

output. This is known as negative feedback.
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Both process and control-system resistance to
response are negative phase shift in nature and add to the 180° phase

shift inherent in the control system. In fact, it is possible for the
out-of-phase additions could add so much lag to the 180° phase shift

that the controller correction could be in phase in process output and
increase it instead of opposing it.

In the energy exchanges around the loop, energy

is added cons_led, or gained and lost. If tl_,eadded energy just equals

the energy used, the gain is one. If more is added than used, the gain

is more than one. Phase shift and gain define and measure stability.

A control loop will be stable if the gain around the loop is less than
one when the total phase shift is 360° during the corrective cycling
action.

Three modesof control and combinations of the

three affect stability. The basic three _:odesare proportional position,

reset, and rate. The proportional-position modeaffects stability by
making it possible to adjust t|_e gain or proportional band; the reset

modeaffects stability by causing a negative phase shift; and the rate

mode increases stability by producing a positive phase shift, but at the

sametime amycontribute to instability by increasing the gain excessively.

To judge how stable or how well the control

system is operatinF,, the most commoncriterion used is the minimum-area

summationunder recovery curve (Fig. 8-14). Whenthe area under this

curve is minimu_, the average of the deviations has the smallest ampli-
tude for the shortest time. It has been established that the area is

minimum when the an_plitude ratio between successive peaks in the cycle

is 0.25, or each succeeding wave is I/4 as big as the preceding one.

This minimum area will have a phase shift of 330 ° when the gain is one.

The match between this best case and the actual performance of the con-

trol system is the measure of perfornmnce.

Sensitivity of the System. Sensitivity is the

ratio of output response to an input change whose size is specified by
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the requirements of the overall process. For an automatic closed-loop

controller, t]:e resolution sensitivity is the minimum change in the

measured and contr_lled variable _ich produces an effective response.

It can be expressed as a fraction (or percent) of the full-scale value

of the variable; or it can be expressed in actual values of the variable,

such as 5°F. In tl_e latter forn_ it is l_ao_1 as the threshold sensitivity.

The range of val,Les through which the input variable to the control

systen_, can vary witbout response is Imown as the dead band.

It is obvious that the minimum sensitivity

which will ;,::eetthe require_ents of the process to be controlled is the

desirable choice. Also, tl,e control systems with lower sensitivities

are simpler than systems with high sensitivities, because sensitivity

is related to gain, and it has been shown above that the finer the gain

control, the more complex is the mode of control.

In the case of the thennionic generator, it

is then necessary to know how closely the electrical output must be

maintained to determine the maximum allowable temperature deviation

within the cavity° If this were not the controlling factor (the elec-

trical regulation requirements may be quite low), then the maximum

temperature thermionic diodes could sustain without degradation would

be the controlling factor. After the rean temperature and its maximum

allowable deviations have been fixed upon, the simplest control system

should be selected to maintain the cavity temperature within the set

limit s.

It is easier to determine what the sensitivity

of the control system will be in advance of the finished design, if it

is possible to compare it with existing standard units available from

n:any sources. Electrically-energized control systems, in particular,

are _1ost easily compared with _hat is readily procurable, iieat-energized

syster:s are not sc handily compared. They can only be judged by past

performance in installations reser_bling the application under considera-

tion.
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Reliability of the _ode of Control. The relia-

bility of the mode of control is related t_ the ability of the control

to function for long periods of time without failure, i{ere, failure can

mean catastrophic failure to function c¢,mpletely, or it can mean partial

failure, such as an increase of hysteresis (the difference between the

increasing input correction and the decreasing output correction), or

degradation of the self-regulation paraE,eter so that the deviation of

the contrt, lled variable (temperature) might be greater than allowed.

Catastrophic failure is, of course, to be avoided. And it is usually

easier to overcome by careful design. It is the partial failure which

is so hard to anticipate and avoid, except by the usual techniques of

careful design and long term simulated tests under worst condition

parameter s.

Intuitively, the simplest mode of control

should be the most reliable, for it has the simplest input and output.

If the teraperature within the cavity differs from the set mean, the

controller signals a constant correction. This ,_eans that the shutter

would either be positioned to a condition of maximum or minimum aperture.

It is easy to see that the on-off mode of control is very likely to

cause much oscillation about the set point and much temperature variation.

The next step in complexity is the proportional-

band mode of control. The main feature of this mode is that the correc-

tive signal is proportional to the deviation so that a small deviation

calls for a s_,_allcorrective action; a latimer deviation, a larger correc-

tive action. Basically, this describes the action of heat-energized

system, for as the temperature deviates, the combination sensor-controller-

operator reacts proportionally to position the shutter to control the

variable. The proportional position is only modified by the inherent

hysteresis and sensitivity of the system. Electrically-energized opera-

tors and controllers are also available for this mode of control, as has

already been indicated.
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As it has been already shown, more complex

modesof control for closer control are possible. These only exist as

electrically-energized controllers which require electrically-energized

operators. Unless closer control is required than is possible to achieve

with the proportienal modeof control, it is not necessary to discuss

the reliability of tllese more co1_p]exmodes. Although it is impossible

to predict in advancewhat the maximumrange of the deviation of

temperature from the set point will be for any system plus or minus

I0 percent, if acceptable, is not all unlihely for this mode.

8.3.4.7 Control S_ste::_ Selection

It has been indicated that if an approximately

plus or minus 10 percent temperature variation can be tolerated, the

proportional mode is the type to use. What remains yet to be done is to

indicate the order of preference for heat-energized or electrically-

energized systems. After this co_es the choice of operator. Then comes

tile implenenting of the choice to _ptimize the design.

It is possible te argue that both systems can

be desi_led and built equally well _:ithin present state-of-the-art

knowled_e, for much is _o_al about the lehavior of many materials in

space. If this is so, then the reliability factor is the final arbiter

of ranh. Reliability is difficult to determine, because so many factors

are involved. However, since overall reliability is the product of the

reliability of the parts, the heat-energized system seems to be more

reliable simply because it has fewer compone_its. In the heat system

the sensor, controller, and operator are the sa_'e unit; in the electrical

system they are distinctly separate. Intuitively, it is felt that, even

with very high reliability of each of the separate components of the

electrically-e_ergized system, a higher reliability will exist for the

heat-energized unit. For this reason, it is felt that the heat system

should be first choice.

Hea t-energ ized sensor-controller-operators

have been described and discussed above, but were not ranked in order of
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reliability and feasibility. As has already been indicated, the bi-

metallic strip, the bourdon tube, and the bellows suffer from the

same limitations - namely, they cannot usually tolerate more than
500°C. Both the bourdon tube and the bellows units require a liquid

or gas-filled bulb connecting to the bourdon tube or bellows. These

two devices have more thermal lag than a bimetallic strip_ hence could

cause larger deviations, more cycling, and take more time to reach a

steady state. Therefore, the bimetallic device is considered to be the
first choice.

Assumingthat a bimetallic control device is
the unit which will be used to control the shutters of the thermionic

generator, it is now necessary to devise a design to fulfill all the

requirements in detail so that the device will have the greatest relia-

bility. To explain further, assumethat the sensor-controller-operator

(the bimetallic eleneut) were placed in the cavity, and that this is

the only controlling action. Then, it is possible, given any disturbance
to the process such as loss of lock on the sun and eventual relocI_, that

the cavity may overheat due to the large gain in the system. A system

is needed which will adjust the gain or proportional band in fine incre-

ments_ a vernier adjustment.
If the primary bimetallic device were placed

in such a position that it would "see" the sun at the sametinm that

the paraboloidal mirror sees it, it would react just as effectively as
if it were in the path of the reflected energy. Sucha position could be

in front of a sunshade for the thermionic generator (see Fig. 8-15).

The solar flux would be concentrated by a small cylindrical mirror which

would not only concentrate enough energy to furnish sufficient power for

the bimetallic element to operate reliably, but it would also furnish

this energy in the form of a narrow rectangular image to heat the element

uniformly over its length.
The vernier automatic adjustment would consist

of another bimetallic ele:uent fastened at one end to a refractory strip
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of metal such as tantalum. The strip would project into the cavity and

act as a conductor for the secondary bimetallic strip, so that the cavity

temperature would be sensed at a lower scale than the cavity proper.

This has to be, because, as has been already pointed out, bimetallic

elements do not operate well above 500°C. By means of a lever arrange-

ment as shown in Fig. 8-15, the cavity temperature would automatically

modify the primary setting of the shutter position.

On initial startup of the generator or if a

major reduction in the amount of flux the cavity should occur, the shut-

ter would open as wide as possible. Upon acquisition of the sun's image

of the primary collector, the reaction to the temperature change would

be rapid. The shutters could begin to close down to limit the flux

before the thermionic diodes reached their proper operating temperature.

The system would oscillate until a steady state was reached. To elim-

inate this problem, a ternary bimetallic element would be added to the

control system to override the secondary vernier adjustment. The ter-

nary element would be attached to the diode radiator, and would, by its

designed relationship wit'. its effect on the vernier settin_ of the

control, keep the shutter in the open longer, or until the diode was at

the proper temperature.

Figure 8-15 shows the bimetallic flux-cavity

temperature control system in schematic form. It is obvious that ful-

fillment of all system requirements has introduced complexity into the

solar flux control which is undesirable.
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9. CESIUM RESERVOIR CONTROL

This section discusses the need for cesium reservoir control, the

effects of passive control, and a recommended technique for active

control of each individual cesium reservoir on the generator.

9.1 Need for Control - Effect on Performance

Figure 9-1 illustrates the expected variation and output

current of a converter as a function of cesium reservoir temperature.

The curves are extrapolated from available experimental data. Extrap-

olation was based on theoretical curves of diode performance versus

cesium reservoir temperature derived over the past several years.

Calculations were based on the use of a 2 cm 2 diode as a

typical size. The design point for the diode was 0.7 volt; for example,

in Fig. 9-i the diode will produce 30 watts at 0.7 volt at peaked

cesium reservoir temperature_ Based on the excited mode, operation at

0.5 volt will produce higher power outputs while operation at 1 volt

will produce lower power outputs at the optimum cesium reservoir tem-

peratures. It is believed that Fig. 9-1 represents a reasonable

expectation of operation of converters in a generator with emitters

at 1,700°C.

It is seen that a region of approximately +10°C exists, at

0.7 volt operation, within which the variation of output current is

small. Thus, a dead band of +lO°C appears reasonable for cesium

reservoir control although _5°C might "tune up" the converter a small

amount. Advantages of higher voltage operation are shovm; power out-

put is not as sensitive to cesium reservoir temperature variation.

In general, lower emitter temperature (e.g., 1,500°C) opera-

tion also results in less sensitivity to a reservoir temperature and

higher emitter temperature will result in increased sensitivity.
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D
Experimental data are not available in these regions. Figure 9-1

indicates temperature differential and not absolute temperature.

For the converter of 15 watts/era 2, it is expected that the optimum

cesium reservoir at 0.7 volt will be about 380 to 400°C. For a

o
25 watts/cm _ converter, it is expected that optimum cesium reservoir

temperatures will be lower, about 340°C, although this has not been

conf i_'med.

9.2 Startup and Passive Cesium Control

The passive control of cesium temperature can be approached

in many ways. The reservoir receives heat from conduction down the

reservoir tube and radiation from the converter radiator. The sim-

plest concept in establishing cesium temperatures is to size the

conduction path from the converter assembly to the cesium reservoir

to transfer sufficient heat to just equal the heat radiated by the

reservoir at the design temperature.

Passive control can be easily achieved if the converter is

in equilibrium and the environment is static. This is not at all the

case with an orbital application of thermionic conversion where the

background radiation, concentrator radiation, converter operation,

collector radiator temperatures, etc., are all varying as the system

cycles through sun and shade conditions. More sophisticated controls

are therefore necessary to maintain proper temperature in the cesium

reservoir. Applicable techniques for passive control are:

i. Equalizing of conduction to the reservoir with radiation

from the reservoir (for steady-state conditions only)

2. A conduction path modulator control using a temperature

sensing or bimetallic switching circuit

3. Placement of the reservoir in a position where it will

intercept a portion of the concentrator energy

The collector cycle must be maintained above the desired

cesium temperature or elevated at that temperature very rapidly.
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Figure 9-2 illu_trates typical cesium reservoir temperature

responses under various conditions. With no auxiliary heat input, a

typical experimental curve is shownwhich illustrates the length of

time required for a cesium reservoir to assumeoperating temperatures.

As shown, up to 20 minutes might be required to achieve optimum tem-

peratures without auxiliary heating _sing designs which are curruntly
being contemplated for conv_-tcr_. FoL- Lh_ _:ip_:l-im_ntal curve, _hc

colleotor te_per_t':re :as als:_ risin" at th_ ssme time as the cesium

reservoir temperature; in _.encl-a], the collector temperature will

ri_e at a mu2h laster _ate.

Calculations were performed to determine the respon_c of

the cesium reservoir heater to auxiliary heaters during a period of

time at startup sufficient to achieve operating temperature. It was

assumed that the radiator already had achieved 400°C temperature;

5 mil copper tubing was also assumed. Startup with auxiliary heaters

would occur after a collector temperature had been achieved which was

above the minimum cesium reservoir temperature desired.

As shown, a 10-watt heater would require up to 4 minutes in

this particular example to achieve reserw)ir operating temperatures.

Thus, after coming out of the earth's shadow (which had lasted a

sufficient length of time so that the reservoir had cooled to 100°C),

at least 4 minutes would be required for complete startup. However,

since the collector/radiator must come up to temperature also, a time

on the order of i0 minutes is more likely.

Figure 9-3 illustrates a typical startup sequence. Startup

is as follows:

i. After emergence from darkness, cesium reservoir and radiator

have each reached an equilibrium temperature of about 100°C.

2. The radiator and reservoir begin to heat due to conduction

from the generator cavity.

3. At 400°C radiator temperature, the cesium reservoir heater

is turned on.
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4. Dcp, nding en heater po_;cr, the ccsi.u_._ rcservofr quickly

rcachc_ equilibri_im t__in:_cFa_,:re.

As i'_] :stracud fin I'i4. v-! -[_ ,:_ '/hours required for

startup can vary but appro:<i::mtelv I wat[/'i_,t_r can be. anticipated.

Ill conclusion, the follo<.:ing com::umts with regard he pas-

sive cesium rc:,crvoir control are applicable:

i. In un cq_:ilibrium condition, wiN_ no darkness, passive

ct_si_:m r,.,servoir control can b<' U,Ucd &lld ]ILIS ])CL!ll d(,I]lorl -

strut, d in the laboratory.

2. In m,n,,t,tilibriu:n contr_)l sit,_ati,n, the use of passive

(:t'flitLl;l IEiSC:I"Joi]." control WLll ru::;ttlt ill ilOlloperative

period:, w]lilc the converters arc w trming ,Ip for l,criods

tlS loI1_5 aS 20 minutes and pcrh.q)s longer, i'hr_c i:lctllanisms

are suggested for investigati,)n to solve tibia prol,lem.

a. Active heaters

!). Passive bimetallic or other conduction path modu-

lator ont.rol s

c. Usti el concentrated ,_.ner,_v to hc_.'d [.i]_ l'{'f:,'l'VO] 17 -

this may be difficult :or "bide" cen,'ert,:rs

It,'m.< 1) and c have not boon invcsti at_:d ,__xt.,n,_:ivcl.v and

intro_!uc_, comp]c:-:ity iiito convcrte," de.'/ ,:_; however, a tL-a,looft-

occurs a:.:ainst the wei_:l-t and reliabitit., ,..,f the elect:tonic>.

9.3 lloqter I'!:arRct_ristic s

A most i::portant i:catulro of t','o c,._si.:m rvs<_P_'oiF ]_eator is

thL_ amount or_ power required o_1 a st<ad)-. _ taro ],asis to maintain1 a

y, ivo_] c,,sit_nl res,_'rvoir temperature. If activ{ _ control is used, the

conv(,rt2r slLoul,l ])e desil nod >o taL rlC,_.'i &l].l' , ',.qt!_OUt i_, at{_r po'.:'or,

O

t!,o C,.<itlm.... rcs<*rvoi:" e ,.-_,)_._,e e,- , ,-....... '"e is .......-b .... + ,,)_' C lower tl_an opLimum.

If ',affable conditions arc cmount,,rcd x:hcr,.._ .,_:ittcr tc>-

p<'raturc.,_ (an] r_servoir temperatu:'c.) bcco_:,c hi..,her than d.'sis:u point

co:l(]itiotl::, c:,__.s]um ree:,,rvoir tclupt_ratur£.% ::'it:!_out hea_ors should I)e

lower; the traJcoff is the need fo c" contin::ot_s heat_>r po,,.:_,r.
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Fi.. :re !)-.3 i].l_:stratcs the ):_ater pow_'_" initial l-aqui:-e.ments

as a function el _l_c.'_:equir_,d AT of tile cesium re:_u_'/oir based on

ccsi_m reservoir heaters which have bet_n used to date in the labor-

dt_,l . ,\_., 5i,_wl_ _ aoo_:[ I watt is sliiticl_;n[ l_or il]c'rca:; [lk_ _]_u

t.:r] rat_L . aIi)roxinat{_Iv IO°C. For a 5',-'.,,att con\, l:t,l-, t])cr_fOL,.,

.> [)uscunt of kh., Oc_g[)u.L i_'o_:ld i)u CO1_S',[[.:Ld ill ccsi./H| re};cE']oil" tcl:]pcr-

aturc controL.

9.4 Active Temperature Control

Usin_ present design ai)proachcs , it is assumed that each

cesi_,n reservoir_ if actively controlled, woi_Id be controlled ind_,l)end-

cntly within an individual hcat_ and individual cLrcuits. This

see [ i_n compares the sensors _.,:}]ichcan bu I::du azlL] _;'ri',,'<_=;at a recom-

mended cesium rcse_:voir cont_-ol ci_'<uit.

9.4. i Tcmpcrat,_re Sensors

i']_r<:tetypes of temperature sensors were considered

for use in cesium reservoir temperature control systcnls. These are:

i. Wire type resistance sensors

2. Thermocouples

3. Ther: _i_ to_'s

'fhc th<,r:.aistor is a semiconductor having a high

negative temperature coc_ifici_,nt of resistance. If a thermistor is

ttsed ill a Whca_stone bridge, th{= bridge _¢i]i ],c balanced at only on<.

tcmperatt,re. At other tcmp¢.ratures thc_-e will bca b>-idge output

which \._ill be a meas_:rc of th{e deviation of the temperature. For th<:

cesium reserw.,ir application, ther_:_istors cannot l)c_considered due to

the ]act that aging at high te::_l:<eraturcs is greatly accelerated and

the reliability above 250°C is op<.n to q :c_:zion.

%hc_-mocoz_p]es cu-e availa[ Ic for use _'ith cesi_'.m

re,.,,:r;oir control and have b,_.:n u_,cd in the labosatorv.
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Thermocoupleshave the following advantages:

I. Small size

2. Linearity over a wide range, generally under 1 percent accuracy

l']_ disadvantages of a thc_r:noco_plearc:

i. The need for a ref¢,rence junction. Thermocouplesdo not

meast_rethe temperature at a junction but rather the differ-

ence in temperature between the measuring junction and a

reference junction. Eitl_er the reference junction must be

held at a constant temperature or someform of compensation

must be used to distinguish between changes in the measuring

temperature and those in the ambient temperature. Examina-

tion of rc_ference junctions sc_itable for use with chromel-

alumel thel'mocouples indicates that a weight of approximately

1 poundwould be required for 5 thermocouples.

2. Low level output. The output voltage of the most sensitive
thermocouple is about 16 millivolts at 300°C. A high gain

amplifier is required for use with the thermocouple to

prevent drift and noise effects from affecting calibration.

3. Long-term stability and accuracy. Each thermocouple used

in a system must be calibrated. Precalibration will meanan
error in the measured temperature (up to 4°C). The total

cumulative error, including the thermocouple and cold junction

compensation can easily be as high as d:5°C. Furthermore, long

term stability in a space environment at temperature is debat-
able.

4. Lead wire. Where long runs of thermocouple leads are required,

special care must be taken to use special compensating lead

wire to l<eepcircuit resistance low and avoid unwanted thermal

junctions.
5. Nonfail safe. If the thermocouple becomesdisconnected for

any reason, the controller turns full on unless special cir-

cuits are provided to prevent it.
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A wire type resistance sensor seems most suitable for

reliable temperature measurements of cesium reservoirs. However, to

date, this type of sensor has not been integrated with converters

in the laboratory. Integration should be fairly easy to accomplish;

however, estimated costs for development of a platinum resistance

sensor for operation of thermocouples on the cesium reservoir are

estimated to be $300 per unit for I0 units ($i00 per unit for i00

units). Nickel, nickel-iron, and platinum wires all have fairly high

positive temperature coefficients of resistance. In a wire sensor,

a length of wire having the desired resistance is wound into any con-

venient physical form and is electrically connected as one arm of a

W]_eatstone bridge. The output of the bridge is a measure of resistance

variation in the sensor and, hence, of the temperature.

The advantages of wire type resistance sensors are:

i. High sensitivity. About i00 times the output per degree C

of thermocouples.

2o Superior long-term stability. Special units have stabili-

ties within O.001°C per year.

3. Area sensin_. A wire sensor can be spread over several

square inches of surface and tends to average out differ-

ences in temperature over a surface. Wire type sensors are

useful, therefore, whenever it is desirable to control or

measure temperature over a surface rather than simply at a

particular point.

4. Linearity. Wire sensors are almost li_ear, a typical

platinum sensor will have a no:11inearity of less than 0.3

percent over a temperature range of 200°C up to temperatures

of 800°C.

5. Interchangeability. Wire sensors are furnished with toler-

ances of from 1 to 0.I percent or better and can be inter-

changed without calibration.
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6o Fail-safe. Wire sensors have a positive temperature coef-

ficient, if a sensor opens up, therefore, a controller

will turn off thus p_-otecting other circ_itry.

Analysis of the three temperature sensors above indi-

cates that the wire type resistance sensors are probably best and

efforts should be made to reduce the cost of these sensors for inte-

gration into converters. Platinum sensors are recommended by the

manufacturer as being most applicable to the cesium reservoir applica-

tion due to relatively high voltage output and better long-term

stability.

9.4.2 Block Diagram and Principles of Operation

Figure 9-5 illustrates a general block diagram for a

cesium reservoir control unit.

The platinum resistance thermometer senses the tem-

perature of the reservoir by a change in resistance° The signal

conditioner converts this change in resistance into a voltage suitable

for use by the comparator.

The comparator samples the temperature of the cesium

reservoir and comparies it to the commanded temperature. If the tem-

perature is low, then the error signal will turn on the heater and

raise the reservoir temperature. The cesium reservoir temperature is

controlled by turning the heater on and off.

Several types of circuits were examined for use. If

dc power is available, the circuit sho_n in Fig. 9-(_ is applicable.

In the case where ac power is available, mag-amp and

tunnel diode circuits were examined. Unless a high frequency of ac

po_qer is available (5 to i0 kc), nag-amp circuits are significantly

heavier than the tunnel diode circuit illustrated in Fig. q-7.

Figure 9-6 shows a circuit using dc power. This

comparator consists of a summing circuit, a sawtooth generator, and a

Schmitt trigger. The switching circuit consists of a pulse gene_-ator,

gates, switching amplifier, and a matching transformer.
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The comparator adds together the temperature analog

voltage and the ground command voltage with a 5 cps sawtooth wave.

These combined voltages are sensed by the Schmitt trigger. If the

temperature of the reservoir is low, the combined voltages will drop

below the threshold of the Schmitt trigger. The Schmitt will then

change state permitting the pulsewidth modulator (switch) to apply

heater power to the reservoir. The amount of heater power required

is proportional to the temperature of the reservoir. This propor-

tional control is obtained by means of tile sawtooth wave which is used

to sample the temperatures. The pulsewidth modulator consists of two

AND gates with sufficient power output to drive the output switching

amplifier. When the comparator senses a low temperature, the output

signal permits the pulses from the pulse generator to be applied to

the switching amplifier. The output of the switching amplifier is fed

to a matching transformer before being applied to the heater. A trans-

former is used because the heater requires low voltage and relatively

high current.

Figure 9-7 illustrates a circuit which uses ac power

input. The platinum resistive element is shown as part of a Wheatstone

bridge arrangement. The ac amplifier has a gain of about 50 and uti-

lizes two-sta_e feedback. The phase dutector utilizes 4 diodes and is

a standard type of circuit. The sumnation circuit is a resistive sum

network and contains an integrator for generating a 400-cps triangular

wave. The tunnel diode level sensor is a simple circuit using 2

resistors and 1 tunnel diode. The trigger amplifier uses a single

transistor to generate a gate si_nal for a silicon controlled recti-

fier which turns the heater on and ofi.

The use of the tunnel diode circuit in Fig. 9-7 is

recommended to minimize _,eight. The use of the null procedure on the

bridge eases the power supply regulation requirenents. Temperature

compensation of tile resistance element is simple since the variation

is linear over a fairly wide range. Possible problems will arise due

4326-Final 9-16



to thermal gradient E_'s being generated in the leads from the sensor

and stray capacitance affecting the bridge null.
Figure 9-8 illustrates the waveforms in different

parts of the tunnel diode cesium reservoir control circuit.

9.4.'I Weight and Power Reqt. irements

The estimated power requirement for either of the

circuits discussed is less than 1/4 watt steady state. For a generator

with 5 diodes, approximately 1 watt would be required.

Weight estimates have been made for the cesium reser-

voir control units using welded cordwood module techniques, standard

in the industry. Estimates were made by assuming the weight and volume

for each circuit component and adding about 30 percent for packaging.

Weight estimates do not include leads for the temperature sensing

e Iement.

Weight and volume are shown in Table 9-I.

Weight and volume for the circuit using dc power is higher than the

tunnel diode using ac po_er. Tables are based on the use of a 5-diode

generator with heater currents up to 5 watts per heater.

An extrapolation of wei_Jlt to other systems besides

a 5-diode generator is approximately linear; although components _,_ill

be selected wherever possible which would lead to a low-weight system.

9.4.4 Heater De si_n

Heater design has used tungsten, tantalum, and other

types of wire in varying diameters. Tantalum is recommended due to

its ability to remain ductile and its availability in clad-form.

Forty-rail diameter wire (with 60-rail sheath) is currently used in

laboratory diodes. One watt of heater power is available at low

heater voltages.
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TABLE 9- I

WEIGiIT .\ND VOLUblE OF CESIUM RESERVOIR

CONTROL (]IRCUITS - 5 DIODE CONVERTER

i , DC Circuit

Item

Schmit t Trigger

ckt.

IIigh Power G1tes

Switching Amp.

Transformer

4kc Clock

5 cps Sawtooth

i00% packaging, wiring

quant ity Wt (oz)

5 3.2

5 1.0

]0 3.2

5 3.2

% 6.3

1 1.2

1 1.2

19.3

19.3

38.6 oz

Vo i (in 3)

0.28

0006

0.28

0.56

6.]

0.12

0.12

3
7.72 in

2.3 (30%)

i0 in3

2 • AC Circuit (Tunnel Diode)

Bridge

AC Amp.

Power Transformer

_{ Det and E ckt.

TD Level Sensor

Trigger Amp. and SCR

i00% wiring, etc.

0.053

0.053

6.0

0.053

0.053

O. 106

6.318

6.318

12.6 oz

0.25

0.25

0.4

0.25

0.25

0.5

. 3
1.9 in

0.57

3
2.47 in
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i0. POWER CONDITIONING AND CONTROL

This section deals with the techniques to be used for electrical

conversion and control of the power output of thermionic generators.

Solar flux control_ cesium reservoir control_ and other types of

control requirements for the solar-thermionic system are discussed

elsewhere.

The input to the power conditioning and control subsystem is

the generator(s) power output. The output of the subsystem is

considered_ for study purposes_ to be regulated direct current.

The basic functions of the power conditioning and control

system are:

i) Provide proper loading to the _enerator

2) Provide energ_ storage for peak power den,ands

3) Provide an output which meets power voltage and regulation

requ ir ement s

4) Provide_ where possible_ compensation or adjustment for

partial failure of the generator

Investigation of the conditioning and control problem has resulted

in a recommended subsystem conceptually illustrated in Fi_. I0-i. The

con_ponents shown, properly designed, will best perform the basic func-

tion, s of conditioning and centrol as discussed in this section.

Two features of the recommended conditioning and control

sy_t ens are:

i) The geuerator output will be controlled to maintain a

constanL current output. As discussed lauer_ constant

current control provides a mote efficient and reliable method

of the_-mionic generator control in contrast to voltage

control which is commonl} practiced on photovoltaic systems.
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D

It is mandatory that the generator output be controlled to

assure reliable operation, l_is is illustrated in a

typical curve in Fig. i0-2_ which shows that the seal and

collector will tend to increase temperature if the

operating point moves towards low voltage_ high current

operation. On the other han_i_ the emitter temperature

increases significantly when high voltage, low current

operation occurs.

2) The pow=l: _wLt_b unit, _onm_only used in pb.otow_]t_lic

systems, is clLminated.

The following paragraphs discuss the design features ol each

co_[)oL1enL, their it_tegraLion into a s)stem# and the n_atching of the

po_er conditioning and control subsystem with the generator source.

i0_i Series Versus Parallel Connection of Diodes/Generators

/he thermionic diodes used in a geneLator or multiple

generators can theoretically be electrically connected in series,

parallel_ or various series and parallel combinations. [qle series/

parallel selection will depend on the iollowing basic tradeolf:

Series/Parallel fradeoffs

Series

a) Higher Voltage

b) Less power loss due to

diode matching

c) l_etter compensation for

diode short failure

These items are discussed below:

i0_i.I Electrical Matching

Figure 10-3 illustrates a typical mismatch between

diodes. At the present time_ limited prototype production has

resulted in diodes with I-V curves closely matched in slope, but

displaced from each otl_er by a small AV.

Parallel

a) Better compensation

for diode open

failure
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For series connection_ each diode provides the

same current and the power from diode _ is less Lhan the power

from diode _ b} an amount proportional to I_V.

For a parallel connection_ each diode provides the

same voltage and the power from diode _2_) is less than the power

from diode Q_) b) an amount proportional to VAI.

Due to the steep slope ot the I-V curves_ the

parallel connection will result in less power than the series connection

when the dio !es a_u operated at voltages in the range of 0.5 to 0.9

volts.

As an illustration of the advantages in matching

when diodes are se_'ies connected_ two diole curves were assumed with

typical mismatcLe,! characteristics.

T_pical steady-state I-V curves for two diodes are

shown in Fig_ 10-4. rhese are stead)-state ct_rves rather than

dynamic curves in that_ for matching purposes_ the dynamic I-V curve

is not uselul. Fl,e curves presented in Fig_ 10-4 assuage a constant

generator solar power input and constant reservoir temperatures for

each of the two _!io,!es. Figures 10-5 and 10-6 show the power

output of each dioJe as a function of output voltage and output

current_ respectively. If the two diodes were to be connected in

series, they woulC both operate at the same current at any given

point. I_ on the other hand_ they were connected in parallel_ they

would both operate at the same voltage at any given point_ Figure

10-7 shows the po_a-r output difference of the two diodes as a

function of the common voltage for a parallel connection. It will

be noted that at lower voltages the output powers are relatively

close while at higher voltages the output powers depart quite rapidll,.

Figure 10-8 is a similar presentatiot_ of the

difference in power output of the two diodes but it is plotted as a

function of current ant[ therefore represents a series connection.

Again_ at lower currents the power difference is fairly small and
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nearly equivalent to tile parallel connection case but as the current

increases_ the power difference reaches a peak value and then

diminishes as the current increases.

The comparison between Fig. 10-7 and Fig. 10-8

indicates the potential advantage of series co_mections,

The same reasoning can be applied to cases where

a greater number of diodes are used in each generaL_or. In all cases

examined_ it was found that the diodes should be connected in series

and not in parallel. If a large system is use_i_ where more than one

generator is employed_ it will also be found that the get_erator

outputs should in one _orm or another be connected in series rather

than i_ parallel, geries connection inLe_'s a co:nmon current or at

least power addition that is current co_trolled rather than voltage

uontrolled. Configurations shown in later paragraphs of this section

will indicate methods of power summation between diodes and generators

as well as protection for open circuit co_iditions of individual diodes

or ge_erators.

i0.io2 i{eliability/Redundancy Considerations

Failure mode data is not available for thermionic

diodes operating in a system. Individual diode data gathered in the

laboratory is incomplete# and is not applicable to system operation

Mechanisms of failure are identified elsewhere_ but can be categorized

as:

I) Gradual _legradation of performance

2) An o_en condition

3) A shorte_i condition

4) A condition where gradual degradation o_" catastrophe can

lead to an open_ then shorted_ condition (or vice versa)_

The last case_ where both open and shorted

conditions can occur in some sort of cyclic fashion# is not well

explored but appears possible. For example; seal failure can cause
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an open condition_ followed by overheating of the emitter_ followed

by shorting ol the emitter and collector.
Present data indicates that an open condition is

the most likely modeof failure_ but this conclusion is tentative

and must be confirmed with e×perimental data.
Since the diodes are to be connected at least

partially in series_ a single diode open failure may completely

abo_t the mission. Yherefore_ meansmust be found to bypass a

_ailed diode il operation is to continue.

Assuming50 watts of output power per diode_ a

300 watt system (at the generator output) would employ 6 diodes.
Fhis number is nominall_ consistent with the use o_ a 5 foot diameter

mirror at or near earth space. A larger power system would probabl)

consist of an appropriate numberof lower power modules. For example_

a 900 watt s>sten might consist of 3 mirrors_ 3 generators with

6 diodes per eenerator.

i0.i.2.1 Single Module - 6 Diode Ssstem

In order to provide a means to bypass

a thermionic diode that has failed_ leads must be brought from each

diode or group of diodes to the control system. This will_ of

course_ provide an additional burden to the system in the form of

weight and thermal losses. (There will not be additional IR drop

losses since the additional leads will not carry current unless

a failure of a diode occurs.)

There are two reasonably practical

n_ethods to bypass a failed diode. The first is to short out the

failed diode with a high current switch_ such as a relay. One of

the problems associated with the use of a shorting relay is the

question of how to determine if a thermionic diode has failed. If

a diode short circuits_ there will be no need to short it further.

However_ if it open circuits_ it must be bypassed. If it open

circuits_ a reverse voltage will be developed across the diode
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which is caused by the other active diocies remaining in the circuit.

lq_erefore, a reverse voltage sensor can be added to each diode to
detect the condiLion and then cause the shorting switch to activate.

However_if a switch is used for each diode when it activates_ it
will reduce the reverse voltage to zero which in turn will open the

switch; therefore, the relay must incorporate a self-lock feature.

/his system can be used in groups of two or more dio_les. Figure

10-9 shows such a configuration where ol_e switch is used for each

two diodes, ileferring to the figur¢_ if dio,le _io. i fails_ a reverse

voltage will appear across its terminals which will activate relay

RLI. The switch will byp_ss both dioies Uo. i and No. 2. Diode

No_ 2 will still operate and supply the required reverse voltage

across diode No. i so that the switch will remain activated.

l[owever, iiode io 2 sl_ould fail rather quic_ly due to overheating

and Lhe reverse voltage will disappear and the switch will open.

fhe switch must_ therefore, have a self-locking feature, fhe use

of switches with the need lot a locking leature is not recomme_ded.

The second _ethod to i ro_ide a b_pass

al-ot,.nd a failed thermionic diode is shown in Fig. 10-10o In this

s)s!em_ six low input voltage DC/DC co_verters are used; one for

each dioie. If we assuHe an oL.,tput voiLage of 30 volts (total)

for individual diole volta ies oL 0.6 volts, each DC/DC converter

must provide a steF-_p OL C. _3 tO i with individual output voltages

ol 5 volus. DioJes CRI through C:_6 are cot:nccted across each DC/DC

conve_-ter in the _e.erse direct ioi: so that un_ier no_'mal ope_ation_

the} conduct no cu'_rept. ;o.,'_ if we assume thel_mionic dio_ie ;_o. i

fails due to openi_g, the output voltage of DC/DC converter _;o. i

will drop to ze_'o and then reverse (due to the output current flow).

Diode CRI will then conduct providing the necessary current path for

the remaining active segments of the system.

11_e system shown in Fig. i0-i0 is the

extreme case of providing "redundancy" or the ability to bypass

failed thermionic diodes. Quite a heavy penalty in weight and
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complexity is paid in this case. A tradeoff must occur to determine

how many diodes at one time must be bypassed.

i0.1.2.2 _itiple Generator System

Similar reasoning can be applied to a

higher power system where more than one generator is employed. In

one extreme_ all diodes of the system can be series connected with

appropriate bypass capabilities included_ or each generator can be

considered as an individual entity and p_'ovisions be made to bypass

a complete generato_ _ should a failure occur in it. The deter-

ruination of Lhe extent ot bypassing will depend heavily on the

total power o_ the system and the number of diodes or generators

required.

A careful reliability study and

analysis will have to be made belore final recoi_lendations can be

made as to the extent and method of failure protection. ]Iowever_

at this time_ the second method shown for bypassing (using DC/DC

converters with diodes rather than switches) is the preferred

method in that it is automatic and more foolprool.

I0_2 Subsystem Operation

Two basic methods exist for control of the generator

ouput; current or voltage regulation. Voltage regulation schemes

can be devised which are similar i_ many respects to the condi-

tioning and control subsystems used in photovoltaic systems.

For reasons discussed below_ current control was found

to be more favorable for efficient and lightweight control sub-

s)stems.
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10.2.1 Voltage Controlled Subsystems

i0.2_i_i Examples ol Solar Pauel VolLage Control

It is [elt worthwhile to discuss

techniques for voltage control used on solor panels as these techniques

can be used for comparison with thermionic _er_e['ator control subsystems.

Many of the spece power systems of the

past have had some sort ot voltage limiting device to prevent the

solar array voltage from exceedinB a certain value. The solar pa1_el

output voltage depends heavily on the load and the voltage is also

quite tempeL-ature del_e_dent. Certain t_pes of system voltage

regulators (such as the booster regulator used on Ranger) operate

only over a relatively narrow input voltage range_ and above a certain

voltage_ regulation is lost. In these systems_ input voltage limiting

is necessary. Many systems use power zener diodes for the voltage

limiting (shunt regulation) functio_.

The si_unt regulator must dissipate a

considerable an_ount of kower under certain loading conditions_ A

typical I-V curve of a solar panel regulated by a zener diode is

shown in Fig. 10-11. lq_e voltage limiting occu_s at about V _o Under

no load (systeT_O conditious_ the curLent through the shunt regulator

is equal to 11. At a load current of I _ or higher, no current is

shown. The greatest powe; occurs at no load with its value depending

on the shunt regulation voltage.

A second method to regulate the total

array output volta ce is to connect an active shunt regulator across

only a portion of the solar array as shown in Fig. I0-12= 7he control

voltage for the act ire regulator is obtained f[o_ the total output

voltage. UoweveL, the regulator shunts current o1,1y in the lower

portion of the ar_-as, l]le I-V curve shows the resulting voltage oL

each portion of the array as a function of load current° Also shown

is the current thro,J_h e,qch portion ol the system as a function of

the load curre_t_ It will be noted that the current through the

4326- Fina I i;)-15



V

V /

7
V

i

Isp

Is,:,
I

LOAD

:Vl L

IL

i

IR

1"-_:. i '_ II ZE'."iIP, T'_ " R .........- _)_.OD:_ SIlUZT "2(,L:L\_,D SOLAR PAZEL

1{}- 1.6

i " ] '- _; :,BRev



V

IL

_ah,.

ACTIVE

SHUNT

REGULATOR

sp2__

/.i .R.
11ood

LOAD

: VI L

P

IR

t_LC ] I.-12 _ ............• .IOI).LC_.t.D SIlUXT Rt.(,UL_'_7:.D SOI.A-R PAI[,'EI.

;-.;25 -iri 41,1 it)-17



upper portion of the array (SPI) equals the load current. The power

dissipated in the active shunt regulator is considerably less than

the first case since the voltage (at high currents) across the

regulator is somewhat less than one-half that for tLe first case. The

shunt regulator can be connected to the array at a point other than

the "center" of the array so that the optimum point can be selected

for a particular mission, l'he obvious advantage of this system is

the reduced amount of power that must be dissipated from the shunt

regulator.

A third rmthod to be considered for

a shunt regulator is to switch resistive loads onto the array

depending on the load current (or array voltage). A fairl: large

number of resistors would be used [o provide a "step-wise" loading

on the array_ 'fhe primary advantage of this system is that the power

would be dissipated in resistors rather than semiconductors_ The

resistors can operate reliably at higher te_:_peratures than the semi-

conductors and therelore_ the radiator (to dissipate the heat) would

be considerably smaller and lighter.

10.2.1.2 Load F_itching and Stability Consideratio_s

in a Volta_le..(_ontrol of 'fhermionic

Generator Output

To obtain the maximum utilization of

po_er output# the load must be properly matched to the thermionic

source. Otherwise_ instabilities and loss of regulation can result_

and maximum power cam_ot be extracted.

T_:pe of Loc_d

im,_,efirst item to be determined during the system design is the

type of load that will be co,nectcd to the thermionic generator. For

example_ the load ma> be a purely resistive load such that as the input

volta_:e is incr=ased, the input curre_t proportionately increases_ or

the load may be a constant current load that would result by using

a series regulator with loss characteristics in the system_ In such

a case_ as the input volta_Ge increases_ the input current decreases.
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Figure 10-13 is a current versus voltage plot showing a typical

generator I-V curve and the input characteristics of the three types
of loads mentioned (constant resistance_ constant current_ and constant

power)_ Point A of Fig. 10-13 is the intersection of the constant
resistance load line with the I-V curve_ This intersection point

deter'mines the operating point for the particular load line shown.

Point B shows the intersection of a constant current load. It will

i_enoted that boLht he constant resistance and constant current load

have only one operating point for a given load and I-V curve° I1owever_

it will also be noted that a constant power load intersects the I-V

curve at two points labeled C and D. It can be shownthat Point D

is a stable operating point and point C is unstable if the load appears

predominately capacitive whereas the converse is true if the load is
connected to the source through an inductor. The first case represents

the commonuse of a high efficiency converter/regulator such as is

found in the Ranger or _ariner power subsystems. The second case will

apply with loads which predominantly use magnetic components.

A simplified explanation of the stable versus unstable operating
points for the two load types is presented in the following two

paragraphs. (It should be understood that the load need not actually

be a constant power load but that it has a sloping characteristic

similar to a constant power device).

Shunt Capacity

Figure 10-14 shows the steady state I-V characteristics of the

source and the load (similar to a constant power load). Assume that

a capacitor of significant value is connected across the system such

as would be the case when using a converter or inverter. Operation

can normally occur onl) at points C and D where the two curves

intersect. However_ assume for a moment that the system voltage is

"forced" to V 1 and then released. At V 1 the current required by the

load is less than that available from the power source. This "excess"

current can only go into the capacitor and therefore_ will cause the
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total system voltage to increase further until point D is reached.

At point D_ no excess current remains_ the capacitor will no longer

be cha_ged upward and the _oltage will remain stable at the new point.

Now_ assume the voltage is _orced to V 2 and then rcleased, fhe load

requires a greater capacitor which then discharges down to point D

and remains there.

Figure 10-15 indicates the same stea_y state source and load

characteristics as bet ore but indicates a circuit that includes

inductance. Since all elements are in series_ the current at all

t i_:_es is equal in each element. A_sume that the current is momentarily

forced to 12 and then released. At point I2, the load voltage is

less than the source _oltage with the difference appearing across

the inductor. /he inductor voltage will diminish and in doing so_

will increase the system current_ forcing the operation towards

point C. Now assui_e the system current is forced to I I and then

released, in this case, the load voltage is greater than the source

voltage with the induetor's voltage reversed with respect to the first

case. The diminishing in_uctor voltage in this case will decrease

the system current_ restoring o_,eration back to point C.

llegulaLed Constant Power Load (DC to DC Converter fype)

In a system that must provide regulation to its loads_ and which

must operate at high efficiency due to power input limitations_ a

constant power load will invariably be the result_ The fact that

there is more than one operating point with this type of load can

lead to difficulty in the system's operation_ as previously described.

Figure 10-16 shows again the I-V characteristics of a thermionic

generator together with the input characteristics of a t_pical high

efficienc) power converter. At very low input voltages to the con-

verter_ the regulation portion is unable to function properly and

the_efore_ the output voltage increases as the input voltage increases.

During this portion of the operation_ the input current must increase

This continues to happen until point O is reached_ at which time the
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converter goes into regulation. From that point the input power is

held constant and the input current decreases as the voltage increases.

It will be noted that there are three points crossing the I-V curve

of the generator° Points A and C are stable operating po_ nts whereas

point B is unstable and will not occur in practice. Operation at

point A is undesirable in that the power converter is not in regulation

at this point, i_ereLore_ the system must co_tain some provision to

prevent operation at that point°

Addition of a Battery

_[any solar-powered systems alJo contain a storage battery used

either during dark portions of a mission_ or to supply peak loads

when they occur beyond the capabilities of the solar array. Power

can automatically be added to the system from the batteries by

connecting a series "logic" diode Lo both the generator and the

batter). In this case_ when the generator is loaded to a voltage

that is equal to or less than the battery voltage_ the battery will

supply power to the system. Figure 10-16 (b) shows an I-V curve

characteristic which includes the addition of a battery. It will be

noted that at low input voltages_ the battery provides power to the

system such that as the load current increases_ the system voltage

will be maintained at the battery voltage. It will be noted here

that there are now the three operating points D 3 B and C. Again_

point B is unstable_ but point D is still an undesirable operating

point since the power converter is not in regulation. Figure 10-16 (c)

shows a curve where a higher voltage battery is used. Point D is

a stable operating point and is within the regulating range of the

power converter. But_ again_ point D is an undesirable operating

point because power for the load is obtained both from the generator

and the battery. Again_ means must be provided in the system to

force operation over to point C_ to relieve the battery of the

unnecessary load.
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Figure lO-16(d) shows a condition where battery of even higher

voltage is employed. It will be noted here that only point C is

stable and it is the only operating point for the specific condition

shown. In other words, in this system the battery is used only for

peak load demandsand to insure that operation is always at a stable

and regulated point.

Addition of a Shunt Regulator

Figure lO-16(e) shows a characteristic similar to Fig. 10-16(a)

except that the power converter regulates only over a certain input

vo]tage range. In this case, as the input voltage is increased to

a particular point, the converter goes out of regulation, its output

voltage increases as the input voltage increases, and therefore its

input current increases. This is indicated by the rising character-

istic at the high voltage end of the curve.

As shown, there is one possible operating point, E. Point E is

stable but undesirable since the power converter is out of regulation.

This can be remedied by including a shunt regulator in the solar ar-

ray such that as the array voltage increases to a certain point, the

shunt regulator will add to the system load to maintain the voltage

at the desired regulating point. This is indicated in 10-16(f). In

this case, operating point F is a stable operating point and within

the regulation capabilities of the power converter.

As an example, Fig. 10-17 shows curves of an actual booster reg-

ulator used on the JPL Ranger spacecraft. Two different operating

]oads are shown along with I-V characteristics of the system with a

battery at approximately 20 volts and a shunt regulator at approxi-

mately 31.5 volts. It will be noted that during the higher power op-

eration, the system can operate in a battery sharing mode (point B)

or the solar panel mode only (point D). During the lower power op-

eration, the system operation is at one point only (point F).
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10.2.2 Systems Which Utilize a PS&L Unit

It is possible to design a power conditioning and

contro] subsystem which uses a power switch and logic unit in a man-

ner similar to a photovoltaic pc)wer system.

An investigation was made of this type of subsystem

as described in the following paragraphs. The design of the subsystem

will depend considerably on the output voltage and current levels.

The design approaches co_ider(_d are illustrated i_

Figs. 10-18, 10-19 snd 10-20. Three basic appr_aches are possible, de-

pending on input voltage and regulated output w_itage.

Table lO-I gives a representative picture of the

voltage and power levels that were covered in the study.

TABLE i0-I

CASES CONSIDERED IN PS&L SUBSYSTEMS

Case

Numb e r

I

II

IIl

IV

V

Ein /'_

_/_ Pwr

]. 4v - 100w

2.8v - 200_,"

q.bv - 4()_)w

14v - Ikw

14v - 4kw

Design Approaches

1 2 3

f

Approach No. I

This design approach is perhaps the simplest of all

the approaches selected. A block diagram of this scheme is shown in

Fig. I0-18. This scheme can be utilized for input voltage levels

ranging from 1o4 volts up to and including 14 volts. Because of its

simplicity; this circuit can yield hiF, h circuit efficiencies. This

is mainly due to the fact that the input power is switched only once

throughout the entire circuit. This occurs in the DC-DC converter

shown as the last block in the diagram.
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A thermionic generator system is sho_rn as the power

source. The diode output control circuit serves to maintain the

thermionic generator load current constant at a predetermined value.

It also enables changing the output current and power levels of the

thermionic generator by external command. The power and switching

logic unit channels power from the diode output control circuit or

the battery system to the DC-DC conw_rter. The switching will be

accomplished automatically at a predetermined value of output voltage

from the main power source. A system battery will be required to in-

sure system operation whenever the thermionic diode is not receiving

solar energy. The battery charger unit shown will serve to keep the

system battery charged.

Appr_ach N{,. 2

This approach is to be considered for input w_itaF_e

ranges from 1.4 volts to 14 volts, with power levels ranging from I00

watts to 4000 watts. The output voltage will be either 28 volts dc

or 56 volts de. A block diagram of this scheme is shown in Fig. 10-19.

With this scheme a thermionic diode generator system will serve as the

primary source of power. The diode output control circuit will be

used to control the output operating power point of the thermionic

diode system. It will also serve to change the operating point through

an external command. The DC to DC converter shown in the circuit will

serve to step up the low voltages to higher dc levels. The type of

converter circuit indicated here is an unregulated DC to DC converter.

Because of the power levels, a driven converter was selected. The

power switching and logic unit shown in the diagram will receive power

from either one of two sources. Primary power will be channeled from

the DC to DC c<>c_w_rter or from the system battery. Switching of the

main power source from the DC to DC converter t,_ the battery or vice

versa will be done automatically as dttermined by a preset system

voltage level. System power channeled through the power switching

and logic unit will be coupled directly to the system voltage regulator
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sh¢_wnin the diagram. The voltage regulator will be either a booster

type of regulator or a conventional type. A comparison of detailed

performance characteristics will be required before a selection is

made .

Approach No. 3

This approach can be considered only for system in-

put voltages varying from 14 vdc to 28 vdc. For a regulated output

voltage of 28 vdc, it appears possible to eliminate a DC/DC conw_rter.

T]I_s feuture is _,xtremely desirable and is shown_ ill Fig. i0-20.

Power Sw_tchin Z and ko_4ic Design

The PS&L unit will cl,annel power from the generator

output control or the battery. Figure 10-21 shows three different

schemes of switching:

I. Diodes

2. Transistors

3. Relays

Diode Output Con<rol Circuit

The diode output control circuit can best be described

as a variable parasitic load for the system. The diode output control

circuit recommended for approach 1 is shown in Fig. 10-21. In this

scheme the system current is used as the control current for a mag-amp.

The output from tlte magnetic amplifier is then used to fire a number

of Schmitt trigger circuits, which in turn serve to control the series

switches indicated as Q1 through QN. The series switches are used

only as saturated switches and will not dissipate much power. Resis-

tors R 1 through R N will comprise the variable resistor. The actual

number of resistors and transistors used will depend on the amount of

resolution that will be required in the system. In order to change

the level of thermionic diode output current, the gain of the magnetic

amplifier can be changed, or the firing level of the various Schmitt

triggers can be altered; whichever provides better control will be

utilized.

4326-Final 10-32



]bT

.,,.I

T

a
0
r_

(

,,.,.I

n"

"_ll

ft."
0
I--
r,,,/')

Z

I--

,,-I

t't,,-

>,-

._1

n_

i-k1

rj
,C-4
b'd
.tD

L.P
0

<

LD
E_

!

,.-.q

_d

],_- :,



Power Switching and Logic Circuit

The power switching and logic circuit shown in Fig.

10-21 will seL've to channel power from the diode output control unit

or the system battery to the DC-DC converter. Figure 10-21 shows

three different schemes of switching the system power by diodes, by

transistors, and by relays. The diode scheme was used successfully

on the Ranger Spacecraft power system, lhe ]ine voltage was 31.5vdc.

Unfortunately, at low voltage ]evels (such as 1.4 volts) diodes appear

unattractive. For example, with a 1.4 volt input at a power leve]

of I00 watts, the current will be 70 amps. Power lost in the diode

a]one would be in the neighborhood of 70 - 75 watts or approximately

75 percent of the input power.

l'hc transisLo_ approach app_'ars attractiv_ for tl_ i_w

input voltage ran<,e from the standpoint that they dissipate very lit-

tle power in the saturated condition. For example, for a system cur-

rent of approximately 50 amps, a series transistor switch would drop

approximately 50 millivolts (2.5w) as compared to approximately 1

volt (50w) '_r a si]icon diode. As the input voltage increases, these

low voltage transistors can no longer be employed a< it is possible

to exceed the collector-to-emitter breakdown voltage of ]0 volts. At

the higher input voltage and the current levels, we can then consider

other types of germanium transistors which typically have a saturation

voltage of 0.45 volts at 50 amperes. The use of silicon transistors

can also be considered. Silicon transistors are currently available

with 10 milliohms saturation resistance for a collector current of

]50 amps (l. Sv). The use of vacuum relays for power switching in the

power and switching logic unit should also be considered. Relays

capable of switching several ]00 amps even up to thousands of amps

are current]}" available.
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10.2.3 R_commended System Descri[,tiou

A system has been devised _,q_ich eliminates the PS&L

unit and utilizes constant current control of the generator.

In a simplified form the system will consist of a

generator, a load control device, a battery, a battery charger and a

regulator. System connections for single generator systems and multi-

ple systems are shown in the fol1_wing paragraphs.

A simplified block diagram of a single generator sys-

telz_ is shown in Fig. 10-22. To simplify tile explanation of the sys-

tem's operation, it will be assumed that the generator output voltage

and current can be readily handled by the various components of the

system. A system consists of the generator, the parasitic load which

in itself consists of a shunt load and a battery charger, a battery

for energy storage, a battery converter and a voltage regulator. From

earlier discussions it was determined that the generator's load should

be constant and that it should be a constant current load. Since the

system load is assumed to be a variable, the parasitic load must vary

in accordance with the system load to maintain the generator current

at a constant value.

During times when the lo_d current is less than the

constant generator output current, the parasitic load must make up

the difference. The parasitic load is the sum of the shunt load and

the battery charger load. The battery charzer input current will

therefore be limited by the parasitic load requirement. Additionally

it will be controlled by the charge condition of the battery. The

excess parasitic load current required to maintain a constant gener-

ator load will be absorbed by the shunt load. The control for the

shunt load will therefore be the difference between the generator

output current (a constant value) minus the charger current and the

load current. The basic current equations for this operation are

shown below.

4326-Final 10-35



I

!

I-4q

I
|

I

II

II

I

I

I'
I

73615562

:L)

z

_f

"-2

t5

H E_

_ H

?1
2 1

I

,-4

r4



i. I = K. =
g i

<
2. IL K.1

3. IL2 = 0

4. ILi = IL

5. I = I -I LP g

6. I = I +I
p s c

7. I =
s g

Constant current load on the generator

under all operational conditions

(Generator output capabilities greater

than the load current demand)

(no power supplied from battery)

(parasitic load current requirement)

(I is a function of state of charge of
C

the battery)

-(I +Io)= control for shunt load
C

The second operating condition exists when the load

current is greater than the generator output current. In this case

the extra current requirement will be provided by the battery. The

battery charger is disabled as is the shunt load to reduce the para-

sitic load current to zero. A DC to DC converter (connected between

the battery and the input to the voltage regulator) is activated.

Th_ DC to DC converter is controlled with respect to current and

specifically with respect to the difference between the load current

and the generator current (a constant value). The equations for this

operation are shown below.

i. IL> I g

2. IL = ILi +IL2

3. I = O
P

4. I = ILl

5. IL2 = I L -I] i =

(Generator output capability is less

than load demand and therefore bat-

tery must supply power difference)

(Load current equals sum of battery

current plus generator current)

(no parasitic load)

I L -Ki= control for battery converter

It will be noted that this system requires a DC to

DC converter between the battery and the system voltage regulator.
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In solar cell systems this has generally not been required. Tile pri-

mary reason for this is that in a solar cell system the choice of

whether to connect or not connect the battery to the system has been

proportional to voltage rather than current. Since the voltage level

cannot be used as a control Jn the thermion_c generator system and

current must be used as the control, th( DC to DC converter is re-

quired.

The basic concept for a multiple generator svstem is

the same as a single generator system except r_eans for summing the

outputs of the generator must he employed. Figure 10-22 shows one

method of summing tl_e outputs of the two generators of a two generator

system by simply connectin_ the two in series. The remainder of the

system operates exactly as described for the _in_le generator system.

Another variation is shown where a DC to DC conw_rter is connected

between each generator and the load. The outputs of the load of the

two DC to DC converters are connected in series. Again, beyond this

point the operation of the system is as described before. However,

in this system it is possible to connect a diode across the output

of each converter in its reversed direction so that should one gen-

erator fail, power from the second generator will still be fed to the

load Of course the system voltage will be reduced by a factor of

two as will the total power capabilities. The electronic equipment

that follows the DC to DC converters will have to be able to operate

under these reduced voltage conditions. Figure 10-23 shows a system

that is similar to the above system except that rather than connecting

the two (or more) generators in series, they are connected in par-

allel. Each individual output is controlled with respect to current.

In this case a DC to DC converter is connected at the output of each

generator with the DC to DC converter controlled with respect to

erator output current. The output to the remaining portion of the

system is the sum of the two currents from each of the two generators

shown. In this system the failure of one generator will again reduce
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the system power by a factor of two (of course if a greater number of

generators are employed, the power reduction will be less).

10.2.4 Low Input Voltage DC/DC Converter

A basic block diagram of the low voltage DC/DC Con-

verter is shown in Fig. 10-24. This block diagram applies to most

DC/DC converters. Three basic circuits for low input voltage DC/DC

converters are shown in Figs. 10-25, 10-26, and 10-27, respectively.

There are many variations possible.

The converter shown in Fig. 10-25 is basically a

standard unregulated type of saturating transformer device like that

found in many power converters used commercially. The primary dif-

ference in this case is that the input voltage is considerably lower

than in most other applications. Because of the low voltage and high

current, the power transistors must have a very low saturation volt-

age. With present day technology, germanium power transistors must

be used to obtain the high efficiency desired. Further, the power

transformer design is more critical than normal because of the high

current requirement and the relatively high voltage step-up ratio.

Because of the few turns required on the primary, special design

techniques must be used to provide good coupling between the primary

and the secondary windings.

The output circuit of the converter is standard and

is uncoupled (dc wise) from the input so that the output can be added

to outputs from other converters if required.

The circuit shown in Fig. 10-26 is similar except

that a low power driver transformer is used which provides the satu-

rating device for the circuit. The advantage of this connection is

that the peak currents obtained in the collectors of the po_er tran-

sistors are reduced somewhst. However, the disadvantage is that the

power transformer will weigh approximately 30 percent more than in

the first circuit because it must have a larger core with more wire.

Again, the output circuit of th_ converter is isolated so that it

can be added to other converter outputs.
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The third circuit, Fig. 10-27, is similar to the sec-

ond except that it is a driven device so that it can be pulse-width

modulated and can, therefore, incorporate voltage regulation. In the

connection shown, the output voltage is compared to a reference volt-

age and the difference used to provide the pulse-width modulation.

By measuring and then referencing the input current, the device can

be made to regulate with respect to input current and therefore, be

able to control the current loading on the thermionic diode.

Because of the pulse-width modulation, the converter

must have an averaging output L/C filter in addition to the non-satu-

rating power transformer and therefore its weight will be greater than

either of the other two DC/DC converters shown in Figs. 10-25 and

10-26. The input capacitor C1 must be able to store a large amount

of energy so as to limit the input current ripple imposed on the therm-

ionic diode. The capacitor value must be significantly larger than

that required on the non-regulating converters because of the narrow

pulse-widths that must be employed. The capacitor must further have

a low AC impedance since the pulse currents are very large.

Typical experimental efficiencies of unregulated low

input voltage DC/DC converters are shown Jn Fig. 10-28. The curves

indicate the dependency on input voltage and show that higher effi-

ciencies are more readily obtainable with higher _nput voltages.

10.2.5 Shunt Load Control

As described earlier, the shunt load control is used

to provide a resultant constant current load on the thermionJc gen-

erator itself regardless of the load of the system. The control for

the shullt load device is obtained by measuring the battery charger

current and load current and subtracting the sum of the two from the

desired constant value selected for the thermionic generator operating

current. The measurements and computation can be conveniently ac-

complished by employing a magnetic type AC operated current detectors.
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The _hunt load consists essentially of a dissipative

device whoseeffective load resistance can be varied. The simplest

form of this is a power transistor connected across the bus voltage

whose base to emitter voltage is adjusted to provide the appropriate

load current. Figure i0-29a showsthis simple form of shunt load.

For reasons of power handling capability and redundancy, a number of

transistors can be connected in a series/parallel arrangement to

i) distribute the power to be dissipated and 2) to provide redundant

current paths should a transistor either open circuit or short cir-
cuit.

Figure i0-29b is a modification to Fig. 10-29a with

a resistor placed in the collector of the transistors. The resistor

value is selected to provide the maximumdesired loading with a com-

pletely saturated transistor. The advantage of this circuit is that

a smaller amount of power is dissipated in the transistor thereby

reducing the cost, and weight and increasing the reliability.

Figure i0-29c showsa third shunt load device in

which all (or nearly all) of the power is dissipated in the collector

resistors of the transistors. In this circuit, a fairly ]ar_,e number

of transistors and resistors are used with each one providing an in-

cremental load to the system. The transistors are either turned on

or off as controlled by a simple analog to digital converter. The

input to the A/D conw:rter is the required control input as in the

other shunt load devices. Onedisadvantage of this circuit is that

it will provide a step type loading and therefore the system must

have a proper amount of "hysteresis" built into it to prevent insta-

bilities. This system does have the advantage that the major power

is dissipated in resistors which can operate at higher temperatures

than the transistors. This, in turn will reduce the size of the

heat radiator that must be provided in the system.

10.2.6 High Voltage DC/DC Converter/Regulator

The initial low input voltage DC/DC converters used

in the system do not provide a regulated output voltage for reasons
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discussed earlier. Therefore, there must be an additional step added

to the system to provide the necessary dc voltage regulation. Since

high efficiency is required, a switch mode type regulator will be

used. A booster regulator type of converter could be employed but

for reasons of increased efficiency, reduced weight and reduced com-

plexity, a switch mode down converter/regulator should be used.

Figure 10-30 shows a functional diagram of such a

converter/regulator. The input transistor Q1 turns on and off at a

prescribed rate and with a prescribed duration to supply an output

energy sufficient to provide the desired output voltage. L1 and C2

form an averaging filter for the chopped dc input. The output volt-

age is sampled and compared to a reference voltage aud finally used

to control the power transistor QI. Efficiencies over 90 percent are

readily attainable with the device when power drive circuitry is uti-

lized.

i0.2.7 Battery Charj_er

fhe battery charger will essentially consist of a

standard DC/DC pulse-width modulated device with an averaging output

filter. The charger will be controlled by various inputs depending

on the operating mode, the power available and the battery condition.

The charger will be used as part of the "parasitic"

load to provide a constant load current for the thermionic generator.

Therefore, the charger must have one control input that limits its

input current to a value which will not overload the thermionic gen-

erator. (With this input, charging will automatically be discontinued

should the load current exceed the thermionic generator output current

control point). Battery charging will be constant current but modi-

fied by terminal voltage and battery temperature. Therefore, the

charger will provide a constant charge current until the terminal

voltage reaches a preset value at which time the charge current will

be reduced to a low trickle charge value. The preset voltage will be

temperature dependent and controlled by a measurement of battery tem-

perature.
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Fig. 10-31 shows a b]ock diagram of the battery charger

with its control iiu_uts.

10.2.8 Battery Converter

Since the battery cannot be connected to the unregu-

lated DC bus by conventional techniques such as are used on Ranger and

Mariner vehicles, a DC to DC co_iverter must be connected between the

battery and the bus to provide the proper power summation. In order

to provide the proper control, a pulse width modulated DC to DC con-

verter must be used which obtains its control input from a measurement

of current.

l he battery converter is used only when power is re-

quired from the battery. This will only occur when the load current

exceeds the preset output current capability of the thermionic gen-

erator. When this occurs, the battery charger and shunt load are made

inoperative and the battery converter activated. The output control

for the battery current is obtained by taking the difference between

the load current and the thermionic generator preset current such that

IL2 (battery converter load current) = I L (load current) - ILl (I =g K.I) •

Figure 10-32 shows a block diagram of the battery

converter with its control inputs.

Battery

The following electrochemical systems are compared

here for potential application to solar th_rmionic systems.

i. Nickel Cadmium

2. Silver Cadmium

3. Silver Zinc

4. Regenerative hydrogen-oxygen fuel cell

10.2.8.1 Cycle Life_ Size_ and Weight

The system that has the most extensive cycle

life data is the nickel cadmium battery. There is only limited data

on silver-zinc rechar_eable batteries and a somewhat greater amount
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of data on silver-cadmium batteries. Tile data available is quite

scattered, and conducted on different cycles and different test con-

ditions. More recent data shows cycle life improvements over pre-

vious data of a year or two ago. It is extremely difficult to obtain

absolute values for cycle life capability due to the tremendous scat-

tering of available data. Figure 10-33 is a compilation of various

sources of cycle life vs. depth discharge data for the battery sys-

tems. Average curves are presented. If ranges were used, the ranges

would cover the entire page for each line. It should be pointed out

that the standard cycles that are normally used for evaluation of

these batteries are tile i00 rain. cycle, 35 minutes discharge, 65 min-

utes charge; the two-hour cycle, 35 minutes discharge, 85 minutes

charge, and tile 24-hour cycle, 1.2 hours discharge, 22.8 hours charge.

For slower cycles, such as 50 hour with 3 hours discharge, chargin _

conditions are considerably more relaxed than the other cycles de-

scribed, since it allows moderate rates of discharge, and long pe-

riods for recharging of the battery. This type of cycle would gen-

erally improve cycle life performance improvements above what is

available in the literature. However, in such a slow cycle, over-all

wet life and deterioration come into effect as limiting factors on

lift,, possibly to a greater _xtcnt than total cycle lif_. n the

right ordinate of Figure 10-33 is the watt-hour per pound capability

of the systems. The values for watt hour per pound at I00 percent of

discharge were linearly decreased as a function of depth of discharge

on the curve which is not exactly true, but the error is slight.

These energy yield capabilities are also subject to variation de-

pending upon details of construction, size of battery, and rate of

charge and discharge at which the energy yield is determined. Es-

sentially, lower rates of discharge, as experienced in this appli-

cation, generally yield higher energy outputs. The levels chosen

are realistic values for sea]ed batteries of the size for this ap-

plication.
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ThL. graph shows cycle life data for both

24-hour and 2-hour cycles for the silver batteries. There is an in-

consistency in the order of these curves. The silver zinc system

shows better performance at the 24-hour cycle, _hile tile silver cad-

mium system shows better performance at the 2-hour cycle. However,

there is only limited data at the 24-hour cycles, and until more data

is available, these curves should not be used as a basis for a choice.

The curves are only included to show possible future trends.

The H2-02 system is shown as not being af-

fected by cycle life. Tile maximum number of cycles yet obtained is

30 cycles on a 90 milmte test cycle, but the curve is projected to

200 cycles.

As an example, for a battery delivering

something like 75 cycles, it appears that the silver cadmium battery

is capable of being discharged at i00 percent of discharge. However,

this is not recommended due to the likelihood of series cell imbalance

problems. Therefore, a maximum 80 percent depth of discharge should

be considered for this system resulting in an energy yield of 20 watt

hours per pound. F_)r the silver-zinc system, it appears that a 45

percent depth of discharge could yield 75 cycles, and the energy out-

put at that depth would be 18-watt hours per pound, or very close to

the silver-cadmium yield. Fl_c nickel cadmium battery even if dis-

charged at I00 percent depth of capacity would only yield 12 watt

hours per pound. The regenerative hydrogen-oxygen fuel ce[l rated

at 20 watt hours per pound on the complete package at I00 percent

depth of discharge appears to be capable of yielding 20 watt hours

per pound also. Therefore, the three systems silver-zinc, silver-

cadmium, and hydrogen-oxyzen based on just cycle life are almost equiv-

alent in energy output. Table 10-II summarizes this data.

For a three cycle application, anv of the

systems could be used at an estinated 80 percent depth of discharge.

Therefore, the silver-zinc system looks most attractive as shown in

Table lO-II.
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Table 10-II also shows estimated volumes for

all the systt_,s. If advances can be made in the H2-O 2 system to store

gases at higher pressures, its size could be reduced.

I0.2.8.2 I_tal Wet Life

A typical planetary orbiter mission might

require a total wet life from launch of up to 450 days. In addition,

probably 2-3 months additional wet life would be required for manu-

facturing of the batteries and delivery to launching facility. This

wet life requirement is a problem for the silver-zinc battery. This

type of battery deteriorates whether in use or not. The separator

materials employed are subject to deterioration by the electrolyte

over long periods of time. Typical vented and sealed silver-zinc

cells are rated at ]-2 years wet life. The silver-cadmium battery

deterioration with age is not as critical. In the ca_e of the nickel-

cadmium and the hydrozen-oxygen fuel cell, there seems to be no seri-

ous mechanism of deterioration during wet life.

i0.2.'_{. 3 Temperature Sensitivity

Of the battery systems, the silver-zinc bat-

tery is most sensitive to temperatures. Elevated temperatures, 125°F

and above cause increased chemical deterioration, and reduced life.

Lower temperatures (30°F and below) on the other hand cause poor

electrochemical performance. However, in low rates of charge and

discharge application , lower temperatures could probably be tolerated.

The silver-cadmium and nickel-cadmium batteries are less affected by

temperature variations. IIowever, they do exhibit shorter lives at

temperatures above 125°F, and poor performance at temperatures below

30°F. The regenerative hydrogen-oxyzen fuel cell requires an op-

erating temperature range of _ 150°F for operati_,n. This temperature

is generally maintaJn_d by cell inefficiencies, but if allowed to fall

below 120°F performance would drop off considerably.
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I0.2.R.4 (_}lar}_e I:cchnique_{

In t}_e case ef the ni<:kcl cadmium battei_i_s,

continuous trickle charging of the cells would be allowable. No elab-

orate control would be necessary since when ti_ ctll_ became fully

charged, the gas recombination mechanism within the cells would take

over, and the pressure in the cells would reach an equilibrium level.

In the case of the silver-zinc and silver-cadmium cells, the over-

charge ca[_ability of these cells, at the present state of the art, is

behind those of the nickel-cadmium cell. It may be possible to obtain

cells of the _ilver-cadmium type with sufficient over-charge capabili-

ties for this application. If not, it is necessary to provide volt-

age cut-off and charge control, for end of charge, to prevent over-

charging, gasing, and cell bursting. The regeneratiw_ hydrogen-oxy-

gen fuel cell can be _imply controlled bv providing a pressure switch

in t}_e cell so that when the cell is charged to a pre-determined gas

pre_;sure level, the charging circuit woulci be disconnected.

i(I.1_.8.5 Sterilization Capabilities

Botll silver batteries employ cellulosic type

separator materials that are necessary to reduce silver migration, a

potential cause of cell failure. These types of materials are not

capable of sustaining the sterilization temperatures in the alkaline

electrolyte employed within the cells. Therefore, unless new separator

systems can be made available, these type batteries could not be ster-

ilized. T}_e nickel cadmium and the regenerative fuel cell batteries

use separator materials that are essentially electrode spacers and

electrolyte holders. The materials employed in these cells could be

made to withstand sterilization requirements.

I(3.2.8.6 Environmental Ca]_ab [] [ties

All of the battery systems have been sub-

jected to ranges of environmental requirements for other application,

and it appears that this should not present a problem. The regener-

ative fuel cell has no test data available, but if the unit is designed
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properly, it too should be capable of _e('tii_g all typo_ of environ-

mental requirements encom_tered in spaco applications.

i{}.2.8.7 Availabilit X and Experience

The most readily available battery is tile

nickel cadmium cell. It m_iy be possible that existing cell sizes are

available to meet this application. If not, custom cells can be

readily designed for th- • application, lhe silv_r-cadi_iur_ battery

state of the art is similar. Nickel cadmium batteries have been

used extensively on essentially all of the satellite systems in use.

£here have been a few satellite systems employing silver cadmium seal

cells in the explorer series, Explorer XII, and others. In the case

of the silver-zinc, the only space proven batteries are those that

have been used in the Mariner and Ranger applications and these are

essentially primary batteries. The l{o-O o system is still in develop-

merit, and it is estimated that one or two years of work would be re-

quired to make such a unit. Aftt_'r tilat, a considt>rable amount of

testing would be necessary.

]0.2.8.8 Performance Characteristics

Figure 10-34 shows typical charge-discharge

curves for the various battery systems, and Table lO-III shows typical

storage efficiency for the different systems calculated on the basis

of the performance as sho_,m in Fig. ]0-34. The Ni-Cd system requires

considerable overcharge to replace used capacity. At low rates of

charge, as encountered in the orbit application, charge input can go

up to 200-300 percent. This can be overcome somewhat by reducing the

charge period, and increasing the charge current rate.
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I0.2.S.9 Vo] ta_e O egulation

Ranges of output voltages from 20-60 volts

do not appear to offer a difficult problem. '.Iore cells one used to

achieve a higher voltage battery generally results in increased

weight, reduced reliability, increased size, and essentially the same

percentage regulation. These effects would not, ho\_'ever, be drastic

in th_ range of 20-60 volts.

10.2.8.10 Packaging

Sealed nickel-cadmium batteries are generally

packaged in welded deep drawn metal cans with ceramic to metal termi-

nals. Yhese cells are generally connected in a series stack, and con-

tained in an outer metal container. The sealed silver-cadmium and

sJlver-zinc batteries fabricated thus far are generaJly assembled in

plastic cell cases, as conventional vented cells are, then placed in

an outer metal container and filled with an epoxy sealing compound

to provide the hermetic seal. If desired, it would be possible to

locate groups of cells at various locations within the vehicle. The

best approach for this would be to connect groups of cells in series

since these cells are constructed in a _odular concept. Howew_r, it

probably would be necessary te encase each group of cells with mount-

ing ha_-dware, connectors, etc., thus resulting in increased weight.

The H2-O 2 system would require one cylindrical package or a consid-

erable weight increase would occur.
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10.3 ConJ:i$_uration and Perfornance

Using the information presented in the preceding paragraphs,

it is possible to show a final system configuration of the power con-

ditioning equipment for a typical sola_--thermionic povJer system. A

block diagram for the system is shovm in Fig. 10-35. This diagram

does not include certain required controls such as solar flux control,

attitude control, cesium reservoir- temperature control, and so forth.

As discussed earlier, a thorou_h tradeoff study should be

made to determine the amount of redundancy or diode bypass capability

that should be included in the system. For the put-poses of showing a

completed systen, tl_e block diagram ass_Imes the use of several Io_

voltage dc to dc converters connected in a:l appropriate series-pa_-allel

arranf_ement, lq_erefore, in this slstem should one diode fail by

opening, power output will be lost for n diodes,

The overall efficiency of the el_ctrical conversion and

control equipment can be computed for various operational cases. The

first case is the configuration where power is supplied to the load

through the power conditioning equipment but not through the battery.

In the second case, the power is supplied through the battery. (There

are other variations such as the case where part of the po_er is sup-

plied by the battery while the remainder is supplied by the source.)

Typical efficiences are listed below using individual equip-

ment efficiencics (see Fig. 10-36) but do not consider other system

losses such as connecting leads, thermal loss within the generator,

etc. Efficiencies listed below are nominal and will vary somewhat

depending on the specific application.

Reasonable Efficiencies of Conditionin_ Equipment

i. Low input voltage DC/DC conve_-ter

il = 90 percent

2. Shunt load

The shunt load efficiency will include control po_Jer loss

and will include a factor to compensate for the inability
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to operate exactly at maximum power. The efficiency will

be shown for operation at maximum load since this is the

case of primary importance.

_]2 = 90 percent

3. Voltage regulator

_3 = 90 percent

4. Battery charger

_14 = 80 percent

5. Battery DC/DC converter

q5 = 85 percent

6. Battery

The battery pc_:er efficiency includes its voltage efficiency

plus its overcharge requirement. A silver zinc battery is

assumed for this computation

_i6 = 70 percent

Efficiency - Case A

The first case _:ill exclude the battery. This would be

normal sun-powered operation where the load requirement is equal to

or less than the source pc_ger output (less losses).

:]A - _I x _i2 x ]3 = 0.9 x 0.9 x 0.9 x I00 = 73 percent

Efficiency - Case B

The second case will include the battery. This would be

equivalent to operating through the battery charger, batter),, and

battery DC/DC converter.

rib = _I x _4 x _]6 x _i5 = 0.9 x 0.8 x 0.7 x 0.85 x 0.9 x I00 = 39 percent

Efficiellcy - Case C

If we assume a mission that utilizes battery power I0 percent

of the time, the resultant conversion efficiency is 73 percent x 0.9

+ 39 percent x 0.i = 70 percent overall to the regulated DC output

voltage.
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Whenthe output load requirement of the system is less than

the output capability of the thermiouic generator, the excess power

is used to charge the battery or is dissipated in the shunt load. The

charger will draw only the amount of excess current available during

charging or it tJill be limited by the charge requirements of the battery.

If additional power is available from the generator, it will be absorbed

by the shunt load. During peak load requirements, the charger and shunt

load are disconnected electrically and the battery converter is acti-

vated so that the excess power requirement is obtained from the battery.

The output of the battery converter is controlled such that the sum

of its output current and the bus output current is equal to the cur-

rent required by the load.

The weight of the power conditioning and control depends on

power level, voltage from the generator, specific load characteristics,
the temperature environment, and other related factors.

Figure 10-37 shows typical weight and efficiency character-

istics for DC/DCconverters in a system situation where the voltage

output from the generator varies with power level. Characteristics

are shownfor 1965 and 1970, the former is based on laboratory develop-

ment to date at several laboratories and the latter extrapolated from

estimates of future capability published by GE, Westinghouse, RCA,and
others.

Figure 10-38 shows the specific _Jeight estimated for 1970

DC/DCconverters as a function of power level and voltage input.

The low voltage DC/DCconverter is the primary contributor

to power-conditioning and control of weight. This is illustrated in

Table IO-IV which shows a typical weight breakdown for a 300-watt

system, where 3 DC/DCconverters are used for reliability. As sho_.Jn,

about two-thirds of the weight is occupied by the DC/DCconverter.

_hile this ratio will vary according to each system requirement, the

application of this ratio and the use of Fig. 10-38 is sufficient for

preliminary systems analysis.
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TAB LE lO- IV

TYPICAL WEIGHT BREAKDO_4N - 30()-WATT SYSTEM

I

It em _uant ity

Low voltage 3

DC to DC

conver ter

Shunt load 1

(less

radiator)

Battery 1

Charger

Battery 1

Converter

Voltage 1

Regulator

Weight per Unit Total Weight Efficiency (%)

19_5 1970 I_],,5 1970 1965 1070

7 2.5 21 7.5 91 92

3 1.0 3 1.0 90 95

2 1.0 2 1.0 80 85

3 1.0 3 I_0 85 90

2 O.5 2 0.5 90 92

Total Jl iI) 5
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Ii. RECOMmeNDATIONS FOR DEVELOPMENT PROGP_.\MS

This section contains reco_mnendations for twenty-seven separate

programs which represent a logical extension of current technology

leading _:owards flight systems in the near f,aa_rc.

Eac[i program is of import_nce in the development of high effi-

ciency, reliable solar-thermionic systems. The scope and nature of

each program results from analyses and judgments reported elsewhere

in this document.

Ideally, :;olar-thermionic systems proble:as should be attacked on

a broad front with a series of flight systems being prepared which

represent progressive increases in system performance, reliability,

weight and other features. However, practical considerations place

a limit on cost budgets. Consequently, the number of systems which

can be developed to flight readiness must be limited.

All of the twenty-seven programs outlined here are important to

the development of a 5-foot or 9-1/2-foot system. The flight readiness

date for any specific system will depend on the amount of effort which

can be reasonably applied in the near future.

Figure ii-I consists of a PERT-type network w_:ich describes major

steps leading towards flight readiness for each of five systems. The

chart could be converted into a PERT plan with the addition of esti-

mated times of activities and other schedule information. The PERT-

type plan in Fig° Ii-i shows only the major milestones and represents

a first iteration. Other iterations should be accomplished on a con-

tinual basis as part of a system development plan.

"Ti_e characteri::tics of each of the five systems in Fig. Ii-I are

summarized in Table ll-I. The physical characteristics of the five
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systems in Table ii-I are based on judgments regarding developmental

progress, assuming that serious efforts are taken to achieve systems

hardware.

An integrated plan for systems hardware is definitely required

with continual updating and shiftin_ of emphasis to insure that flight

systems achieve a readiness state. Ti_is plan should be continuously

reviewed by JPL. In fact, this program is perhaps as important as any

of the other programs described in th_s text.

Milestones illustrated in Fig. ii-i generally cover the twenty-

seven recommended programs; the chart is included as an example of the

relationship between programs for any given specific system. Steps

leading towards System B are outlined by heavy lines for illustrative

purposes.

A list of the recommended programs is sllown in Table ll-II. Tech-

nical area and program title are listod. Ti_e programs were selected

on the basis of immediate need and usefulness. Priority establishment

should depend on mission selection, systems development schedule, and

other related factors.

II.i Concentrator Programs

ii.i.I Pro,gram i: Evaluation of Mirror Coatings

A major problem area in the development of solar-

"rrthermionic systems is the need for confirming the ability of a h_ohly

specularly reflective coating to withstand the space environment.

Some experimental evidence has been accumulated which

indicates that most types of silver and aluminum coatings will degrade

severely in the solar UV and x-ray environment of space. Most success

has been obtained with barrier-layer type AI203/AI coatings. However,

to EOS knowledge, the work accomplished to date was performed in a

10 -5 to 10 -6 ram. Hg environment. Work accomplished by EOS on gold and

-9
copper surfaces at i0 ram. Hg indicate that experimental data at lower

pressures can be misleading.
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Technical Area

I. Concentrator

TABLE II-II

RECOHMENDED DEVELOPMI_NT PROGRAMS

2. Generator Support

3. Generator

o Power Conditioning

and Control

5. Solar Flux Control

6_ Cs Reservoir Control

Prosram Title

I. Evaluation of Mirror Coating

2. Establishment Concentrator Coating

Techniques

3. Dynamic Analysis and Test of 5-foot

Concentrator Structures

4. Dynamic Analysis and Test of 9-1/2-foot

Concentrator Structures

5. Development of 9-1/2-foot, 50 ° to 60 °

Rim Angle Mnster

6. Investigation and Enviromnental Test of

AI, Be and other Mir_-ors

. . P,ca_" _rface Coatings l:or Ccn<entrators

8. investigation of Techniques for Stiffening
Thin Hirror Skins

9. Investigation of Torus-Attachment Tech-

niques

I0. Design and Development of Unfolding

Generater Support for 5-foot System

ii. Design and Development of Rigid Genera-

tor Support for 5-foot System

12. Optimization of Generator Support Design

13. High Power Density Diode Advanced Heat

Transfer Program

14. High Power Density Diode Material

Development Program

15. Thermionic Converter and Generator

Life Testing Program

16. Acquisition of Diode Application Data

17. Prototype Converter and Generator

}_nnufacturing Devc!opment Program

18. Design Study of IKW Thermionic Generater

19. Cavity Design and Development

20. Investigation of Effect of Lower Tempera-

ture on Converter Life and Performance

21. Power Distribution and Control Prototype

Assembly and Test

22. Investigation and Development of High

Temperature Le_: Voltage DC/DC Converters

23. Development ef Solar Flu× Control Mech-

anisms

24. Development of Solar Flu>: Control Elec-

tronics

25. Development of Prototype Cs Reservoir

Control System
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TABLEII-II (cntd)

7. SystemAnalysis 26. Developmentof Test Plan and Test tech-
Design and Test niques for Solar-Thermionic Systems

27. Devel_pmentof SystemsOptimization
Prograln

The effects of solar proton alld mi_rometeoroid dam-

age are largely unknown. Simulated solar proton bombardmenton re-

flective alu_linum surfaces has resulted in degradation ranging from

zero to I0 percent for an equivalent I000 hr earth-space average sun

year exposure. The opinion of manyspecialists is that solar proton

damageis less of a hazard than UVand x-ray damage.

Tests perfoLnnedby Lewis on reflective samples pr_-

vided by EOSindicated severe degradation from micrometeo_'oid bombard-

ment. Considerable question arises, however, as to whether the amount
of bombardmentsimulated 6 months or 60 years in space. Until the

statistical variance of micrometeoroids in space is explored further,

earth investigations of micrometeoroid bombardmentphenomenonare

likely to be extremely misleading.

While solar proton and micrometeoroid damagesimu-

lation is largely hypothetical, UVdegradation is more amenable to

accurate simulation if the proper care is taken to provide a space

environment. Furthermore, for reflective surfaces, UV degradation is

likely to be the most serious factor.

The best way to measure_;pacedegradation is to fly

samples in space. In lieu of this, EOSrecommendsthat a UV test

facility be assembled which can be used for test of reflective samples.

Techniques and equipment would be similar to those used sucessfully

by EOSon a previous program for AF CambridgeResearch Center; this

equipment is now in operation at AFCRC.

The vacuumchamber, light source, pumping system and

associated fixtures would be JPL equipment. Associated test gear such

as a monochromonatorand spectrophotometer would be provided by EOS.
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PFgzram Tasks

i. Assembly of a ]aboraLory facility to simulate the UV space

environment. EquipY1ent can be later incorporated to simu-

late proton bombardment. Vacuum conditions si_ould be less

-9
than i0 Tort and UV intensity should be capable of ten

times the intensity under earth conditions.

2. Perform a _'_eries of tests o11 selected silver- and aluminum

coatings _.:Lh a nominal I000 hr equivalent space e.-_posure

to determine the mechanism of degradation and the type of

coatings which show least degradation. Samples of coatints

would bc selected from different vendors with a variety :

coatings, interference layers, etc.

3. On the basis of preliminary tests, select several coatings

for long life tests under simulated UV environment.

4. Introduce, if possible, the effects of solar proton bom-

bardment.

Program Goals

i. Selection of a coating least susceptible to space degrada-

t ion.

2. Selection of coating with the follouing performance goals

a) 85 percent reflectivity

b) Greater than 0.15 emissivity

c) Degradation less than 5 percent for one year at earth

conditions

11.1.2 Program 2: Establishment of Concentrator Coatin}_

Techniques

At the present time, experience with the coating

tecimiques for 5 to lO-foot concentrators is limited. Coatings used

in solar tested mirrors have been vapor deposited aluminum (with and

witbout a silicon monoxide over coat), sprayed silver, and vacuum

deposited layers of aluminum and quartz produced by L.O.F.
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Several facilities exist for a 5-foot concentrator

coating both on the West and East Coast. Only one facility exists

for lO-foot concentrators at L.O.F. At present, the techniques for
coating are not exact and depend to a considerable extent on the

judgment of the particular individual applying the coating.
It is likely that the concentrator surface must be

exactly prepared in order to avoid degradation in the space environ-

ment. Exact preparation implies the use of known facilities, equip-
ment and techniques which have been proven through test.

It is recommendedthat a contractor prepare a con-

centrator _oating facility and undertake a program specifically in-

tended to definitize the nature of the coating process. Techniques

and rules for the coating process would be derived includin_ pre_-

sure, temperature, pumpdown techniques, filament placement, evapo-

rative source, and others.

Prosram Tasks

i. Assembly of equipment suitable for vacuum deposition of

aluminum, silver, quartz and _th_ suitable _oatings on

5 to 10-foot mirrors with a variation in temperatures,

pressures, etc.

Assembly of the facility.

2. Embark on an experimental program to deposit coatings un-

til complete understanding of the interaction of all

coating parameters is achieved and the reproducibility of

various types of coating is confirmed.

Prosram Goals

I. Establish a facility _hich is available on a short-term

notice, has the ability to apply coatings which will with-

stand the space environment and can apply coatings repro-

ducibly.

2. Establish techniques and ground rules for coating which

can be used reproducibly.
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3. Attain uniformity of reflective coatings over the cntiL_e

surface of the concentrator and uniformity of degradati_,n

to within !3 percent.

11.1.3 Program 3: Dynamic Analysis and Test of 5-Foot

Concentrator StructL_res

At the present time experimental and analytical data

on the ability of concentrator structures to withstand vibration,

acoustic and thermal shock environments is inadequate. A comprehen-

sive program is required to establish structural limits on torus au-

tachments, skin thicknesses, materials, and other concentrator fea-

tures.

This program would help establish analytical back-

ground which could be used for future design of concentrators and

would help establish safety margins for structural design.

Tile 5-foot concentrator is selected as being typical

of the smaller concentrators that will be used in space. The dynamic

analysis would determine the variations in diameter, torus design,

rim angle, and other concentrator physical features needed for vari-

ous mission applications.

Program Tasks

i. Develop fixtures, instrumentation and facility adequate to

perform experimental dynamic analysis of 5-foot concentrators

for vibration, shock, acoustic.

2. Perform a series of tests which determine vibration charac-

teristics, acoustic characteristics and yield limits of

concentrator structures as a function of skin thickness

and taper, material, torus and support design, attachments,

and generator support design.

3. Using experimental data, derive and confimn theory which

will adequately describe concentrator performance.

Program Goals

I. Establish a background of experimental data which can be

used for design of concentrators in the 5-foot range.
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2. Optimize concentrator/torus weight.

3. Establish the practical advantages and disadvantages of

materials and torus attachment techniques.

11.1.4 Program 4: Dynamic Analysis and Test of 9-1/2-Foot

Concentrator Structure

This program would be identical in scope to Program

3. Ilowever, the dynamic analysis of the 9-1/2-foot concentrator

would follow the initial experiments performed with the 5-foot con-

centrator. This is desirable since the equipment and effort required

for test of a 9-1/2-foot concentrator is much greater in scope. Tech-

niques of measurement, equipment design, other factors, can be ironed

out on the 5-foot program°

The 9-1/2-foot concentrator was selected as a typical

size for larger power s,_lar-thermionic modules in space.

Program Tasks and Goals

This program would be similar or identical to those

in Program 3.

11.1.5 Program 5: Development of 9-1/2-Foot 50 to 60 ° Rim

Angle _as ter

The optimum rim angle for a large mirror is 50 ° to

60 ° . It is recommended that a high quality master with a 55 ° rim

angle and 9-1/2-foot diameter be fabricated irmnediately in order to

be able to begin fabrication of large concentrators for the dynamic

test program.

In addition, the techniques for making the larger

master should be refined to the point _here the master can be made

with variable rim angles and sizes on a low cost pL-oduction basis.

Program Tasks

I_ Fabricate a high quality 9-1/2-foot master.

2 Establish production techniques which are relatively in-

sensitive to the point w_lere low cost production masters

can be made with variable rim angles and diameters ac-

cording to need.
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Program Goals

I. Surface accuracies of less than _ one minute.

2. Surface finish which allows concentrator surfaces to be

made with 85 to 95 percent reflectivity.

11.1.6 Program 6: An Investigation and Environmental Test

of AI_ Be and other Minors

To date, electroformed concentrators have shown most

promise in terms of high surface accuracy for minimum weight. IIow-

ever, stretch-formed aluminum concentrators are available which ap-

proach the optical performance of electroformed concentrators and

exhibit weights on the same order of magnitude.

It is recommended that further investigation into

stretch-formed concentrators be initiated to further develop these

techniques in competition with the electroformed mirrors. The

stretchforming would concentrate on the use of lightweight materials

and would employ various support techniques _hich would, if possible,

avoid the use of epoxies or plastic materials. An additional goal

would be the use of low permeance material which would avoid magnetic

field interaction problems.

Program Tasks

i. Establish the facility and techniques for stretchforming

thin skins with minimum distortion employing beryllium,

beryllium-aluminum, and ether suitable materials.

2. Develop surface coatings which result in a smooth surface

without the employment of plastics.

3. Develop skin attachment techniques which eliminate the use

of plastic materials.

4. Develop tcchniques for torus and for support attachments.

Program Goals

I. Establish the limits and weight which can be achieved in

stretchformed concentrators in the 5 to 10-foot size with

a goal of 3 Ibs/KW from the concentrator.
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2. Establish coating techniques for the front surface _ich

result in reflectivities of 85 to 95 percent with suitable
coatings.

3. Eliminate all plastics from stretchfoL_ned concentrators.

11.1.7 Program 7: Rear Surface Coatings for Concentrators

Preliminary analysis indicates the rear surface of

the concentrator should be highly emissive in order to maintain low

concentrator temperatures. Low temperatures would imply minimum

distortion and minimum heat transfer to an adjacent vehicle. How-

ever, the techniques for placement of high emissivity coatings on

concentrators are not yet well established. Paints of various types

are not desirable due to weight and the changes in paint character-

istics which will be encountered over a period of time in space.

If the variation in paint characteristics over the concentrator sur-

face is great, distortion might be introduced into the concentrator

surface. For electroformed structures, dark coatings can be anodized

onto the rear surface in fairly simple fashion. However, proper

techniques and tooling are necessary for large concentrator structures.

Program Tasks

I. Establish on small samples the feasibility of anodizing the

rear of electroformed skins to darken the surface and

create high emissivity coatings.

2. Determine the stability of the anodized c'_,atings in a space

environment.

3. Perform analysis to determine the best type of coating for

the concentrator rear _urface under a variety of conditions

which include planetary and albedo infrared radiation, the

interaction of the rear surface with the vehicle structure,

distortion characteristics of the concentrator and oti_er

factors.

4. From analysis, establish the need for any type of spectrally

selected coating.
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Program Goals

I. Determine the need for special coatings on the concentrat_r

rear surface.

2. Establish simple techniques without tile use of paints or

plastics to create the needed coatings.

11.1.8 Program 8: Investigation of Techniques for Stif-

fening Thin Mirror Skin

At present, the manufacture and handling of concen-

trators with very thin skins is limited by:

a) Difficulty in manufacture of very thin skins during removal

of the skins from the master and/or other handling

b) The difficulty of testing the concentrator in a one "g" en-

vironment due to sag of the mirror skin

In addition, no definitive tradeoffs have yet been

made with regard to thinness of the mirror skin vs the weight of

stiffening structure required. The major problem in using stiffened

skins is the show-through which results from differential ti_ermal

expansion effects, shrinkage of epoxy bonds, etc. The program is

primarily of an experimental nature, concentrating on minimizing the

effects of show-through with various kinds of stiffening structures.

Program Tasks

i. Summarization of the various stiffening approaches which

are applicable.

2. Analysis of stiffening approaches and derivation of optimum

combined weight, weight vs surface accuracy, and other

tradeoffs.

3. Preparation of a number of samples which demonstrate the

stiffening of thin skins and the effect on surface ac-

curacy.

4. Assembly of a complete 5-foot concentrator using stiffened

skin techniques.

5. Test of the concentrator.
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Program Goals

i. Selection of a stiffening technique which allows high mir-

ror efficiency and yet will support a very thin skin in a

one "g" environment

2. Establishment of techniques necessary for manufacture

11.1.9 Program 9: Investigation of Torus Attachment Tech-

niques

One area of concentrator fabrication which has not

received a great deal of attention is the attachment of the torus

to the concentrator skin. Recent acoustic tests resulted in failure

of a metal attachment due to overstressed conditions and emphasized

the importance of this area.

The attachment material and design can have a sig-

nificant effect on mirror efficiency, susceptibility to acoustic and

vibration environment, and concentrator weight.

Of most concern is the demonstration of attachment

techniques that will minimize show-through on the skin and yet main-

tain a reliable skin support throughout t!le acoustic and vibration

environment expected. Also, thermal shock and cycling effects are

of importance.

Program Tasks

I. Summarization of attachment techniques

2. Preparation of samples using two ft diameter concentrators

for demonstration of selected techniques

3. Test of samples in a thermal cycle and acoustic environment

4. Based on sample tests, preparation of five ft concentrator

with selected attachment

5. Complete environmental test of concentrator

Program Goals

i. Establishment of base line design for attachment technique

which is known to withstand thermal cycle, vibration and

acoustic environment.
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2 . Establish bent of manufacturing techniques for forming the

attachment.

11.2 Generator Support

11.2.1 Program I0: Design a_d Development of Unfolding

Generator Support for 5-Foot System

The development of a prototype unfolding generator

support mechanism must be accomplished in the near future. The three

basic steps would be the selection of configuration, the performance

of a detailed design, and the assembly and test of a prototype unit.

The generator support mechanism performs the fol-

lowing functions :

a) Support the generator during launch

b) Places the generator in the optimum position for reception

of solar energy within closed tolerances

c) Provides an electrical path for current f_m the Nenerator

d) Provides support for instrumentation leads leading from

the generator

e) Operates reliably for the life of the system

Program Tasks

i. Select and design the generator support configuration on

the basis of

a) Arm kinetics

b) Vibration and shock

c) Magnetic requirements

d) Optimization of dimensions and materials

e) Ability to integrate into practical vehicle

configurat ion

2. Perform engineering design and prototype assembly of

deployment mechanisms and support end design

3. Assemble an experimental facility with which the generator

support arms can be measured for thermal characteristics

du_ing operation
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4. A,<semblea facility and pcrf,.rm vi_ ':ation analysis el- the

,_,enerator ,_:_,pport ntr,,_ct_re in Lhe folded and unfTofded

pos it ic'n.

Program C;v_al_;

1. Provide a reli ab],,, ,,_ppcrt 'or gcnerato_ which fulfills

support *-:_ncti.,on::.

2. Insure reliability and acc_iracy of ,infolding mechani,_ms

and location of generator

3. Establish te,'_t techniques which are suitable for fur',:!_cr

;_enerator _:_qTort development

'=. Assemble a ,;enerator _:uppcrt mechani.sm which c:-:hibits

a) Minimum LemperaCure,q seen by the electronics

at the end of the j, enerat:,r supi_,_r-t

b) Min[ mr;:1 ',ee i:;d_ t

c) Minimum uh,_rma] di:;¢e:'ti_,n, electrical drop,

and concentrat< r obscurat[cn

11.2.2 P_rozram ii: Design and Developmen[ of a Rigid

Generate[ [;_p])ort :<'r 5-t,k,oL Sv'.:Le::_

A rigid generator :;upport system ;_:; anv eher vari-

ation cf the type of structure:_ w!tich mi:4'lt be app]ivable to space

appli, ations. The de,_:ign and fabrication of a ri::id m_pport str:_c-

t_tre wo:tld confirm many of the desi_:n technique,< applicable to

f:_t_t'e _,enerator support design and is a relatJve_v :_inpler task

t!lan Lhc ,_nfolding sv::tem.

Pr,,_[jram Ta .': k s

1. Detail design of 3-armed ,,;tq)pcrL _:enerator

2. Assemi, ly of Lhe protoLype s:)stem

3. Formation efa te_:t plan

4. Vii)ration, acousLic, and Lher::ml te:_t prvgram

5. Analysis cf the test data

Program Goal._

i. Hinimization of temperatures _:een by the electronics at

the end of the generater SUl)port
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2. Minimi_'_ation of weight

3. High reliability

4. Minimization of thermal dist_rtion, electrical dropsy, and
obscuration of _oncentraLor

11.2.3 PL-o_ram 12: Opti_uizati_n of Gem:_'ator Support Des[_jn

The optimization _f generator suppo_-t design nust

take into consideration:

a) Obscuration of the concentrator

b) Electrical droops and leads

c) Minimization of thermal conductivity or heat at the sup-

port ends

d) Weight

The optimization of the generator support depends

intimately on the remainder of tile solar-_heri:_ionic system. For

example, minimum cross section area of the arms would result in

lower obscuration numbers and higher electrical losses. The entire

optimization process is quite tediou_, and can _nvolve many manh_urs

It is reco_:maended that a computer program be es-

tablished which can quicklv analyze the optimum generator support

cross sect ien, n_teria!, Len%th, etc. Tills computer p_-_,gram could

become part of a larger overall system analysis recommended in

Program 27.

Prosram Tasks

i. Sunmaarization of applicable data for analysis includin!,_

minimum cross seetiens able to x._ithstand vibration, mate-

rial characteristics, etc.

2. Programming of computer _ith suitable equations.

3. Performance of sample analysis and checkout of pr_gram.

Program Goals

I. E_tablish the optimum material for ti_e generator supp_rt

2. Establish limits on cross sectional area

3. Perform systems analysis which establishes the effects of

generator support design on the overall system design.
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II .3 G_,nerator

11.3.1 Prc_ram 14: Iligh Pox Jer Density Diode Advanced Ueat

Transfer Program

T_ reach high po_Jer densities with a diode ,f rea-

sonable weight, efficient means of cooling the collector mu_,_t be

derived. It is recot_lended that boiling heat transfer be investi-

gated.

The heat pipe, cr more properly the "vapatron" prin-

ciple, which was developed approximately 20 years ago to accomplish

heat transfer in the anodes of high power transmitting tubes, may be

the prime answer to heat transfer problems in two areas in thermionic

converters and thermionic converter i_enerators. These two areas are:

(i) in the emitter heat transfer path of the converters in a multi-

converter generator, such as would be necessary in a 1 kilowatt therm-

ionic generator design, and (2) in the converter collector-radiator

heat transfer path.

Presently envisioned configurations for high po_'er

thermionic converter generators involving large numbers of converters

(15 to 20) are limited in geometrical desi_n by the spacing required

to fit the converters around the cavity and by solar flu-._:distribution._;

in the cavity. Radiator design problems also become increasin,qlv

difficult where large numbers of converters art integrated into a

single generator. Radiator weight reduction by a factor of 2 tc 3

could be accomplished in the converter radiator system by the use o:

the vapatron principle. In addition, the collector heat transfer

path could be severely modified to make use of more compact and reli-

able designs using the retaining ring technique.

Systems wilich me,it investigation are the syste:n_;

composed of lithium, cesium, turrubidium, sodium, and possibly .'_,:4

with tantalum, tungsten, and molybdenum. The latter }teat transfLr

systems would be very useful in the lower temperature regions of

the converter, such as the collector and radiator heat transfer
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paths. ['lOShas performed experiments with lithium for coolinF_ arc

jet electrodes by the vapatr_n principle.

Pro)gram Tasks

I. Analyze various boiling and condensing systems for the

emitter, collector and radiator temperature range of

interest to thermionic vonverter_.

2. Perform simple experiments to evaluate the effective

boiling-condensing heat tran_fer coefficient.

3. Design, fabricate, and tent a _;imple collector-radiator

heat transfer model for simulated zero gravity operation.

4. Integrate the heat transfer system into several prototype

converters to maintain a minimum collector-radiator _,t

while operatin_ with heavv lleat loads, thereby achieving

minimum _ and high e:fi_ iency.
c

Program G_>ais

i. Demonstrate the ability to maintain collector surface tem-

perat_ires of 600 to 700°C under electrical loads of hitch
,]

power density and thermal loads on the order of 250w/cm-.

2. Arrive at a practical diode config_ration using liquid

metal heat transfer on the collector_

11.3.2 Program 15: Higi_ Power Density Diode _Lqterial

Development Progra m

The realization of ma_:imum tile_nnionic converter per-

fon_lance and reliability can be achieved only by the development <_i

a hizh bare work function (5 electron volts and higher) emitter L_ate-

rial of a uniform and reproducible _ature. Such a material would

also produce a dramatic increase in perfomnance at emitter temper-

atures lower than the usual hizh temperat_ire (2000©K) solar thern_-

ionic converter. T!_is one re_:ult would do much to decrease the nine-

her of stringent requirements placed on any solar concentrator sys-

ten, as well as open the way to the utilizati_)n of other forms of

i_cat _ources, such as isotope heat sources. The achievement of suc]_
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a high w_,rk function material in a f©rm adequate for labrication of

thernli_nic converters at minLuum ,c,_:*:xJould go a long way toward incre

increasing the perEor_nancc and reliability of present-day converters.

There appear to be four !:ood approaches _o the achieve-

ment of these high bare work function materials: (]) the uti!izaLion

of ,;ingle crystal tungsten or tantalunl bar stocE _Jith a _ork function

of approximately 4.9 to 5.3 electron volts is utiLize, d, (2) the use

of evaporated or sputtered polycrvstalline coatinf;_:, (J) the use ef

high packing density alloys, and (.) the contr,,lled gro_th of single

crystal sheet suitable for electrode _;urfacing.

The integration of _ingle cry_qtal materials into

"or ' C

high per_,_rmance converter's will _cq'dire s_on_ Leant detailed in-

vestigations of the etching, the preparation, the slicing and the

brazinF, of these materials to the emitter and collector in an eco-

no_uicallv _easible fashion. In addition a detailed investigation

of the Langmuir-Taylor "S" curves for various cesiated single crys-

tal surfaces should also be undertaken. These particular curves

only have meaning in the context that :he surface is kno_cn by both

X-ray diffract [on and by electron cm_s,:ion microscope emission

patterns. Without the comparative information from both of these

analytical methods, one is never sure that the _,_rface of the mate-

rial being mea_ured i_; of a true ,_;ingle n'v_:tat form. Z-L-ay dif-

fraction data is by na:ure bulk material data and d_,e_ n_ t yield

information pertaining to the suL'face, iThis pa_-ticular investi-

gation should be delayed for appre::imately a year.

The us:e of evaporated and/_r sp_ittered coat Ln_s

requires studies of the diffusion of substrate material_; througil

the coatings as a function of time and temperat_ro as x.,,e!las hew

the worh function of ni_e suL-face i:; a!t,,,red by d_ Efusion. Also

the actual process of deposition "_:hether by evapor-ation er spuutering

should be investigated, also optimum coating thickness determined

from the view poinL of diffusion.
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The utilization <_falh_ys as electrode materials

demandsknee,ledge of the effect_ of time and temperature on work

function and composition of alloys. In addition, the determination

of the highest packing density alloy silould produce the highest

bare work function material. Much of the materials technology re-

quired for the alloy investigation is at hand.

Tile cont_-olled growth of single crystal sheet of

preferred orientation has already been proven in matc_-ials such as

iron, w:,urein single crystal iron sheets on the order of 1 to 2

inches in _:idth by 8 to I0 inches long and 80 mils thick have been

grown fo_- utilization in high perf_nuan, e transfo_er cores. The

applicati_n of the same principles t_ mate_-ials suci_ as [ungstcn,

tantalum, and rhenium _hould be inw_tigated for application to

cesium vapor thermi_,nic converter,,;. D_te to the cost of equipment

and :J_e time required for this investi_a_ion, it i,+_felt that this

approach should be delayed for s©me future program on advanced themes-

ionic converter's _

Pro_ram Tasks

i. Investigate ,_ubstrate diffusion through evaporated and/or

sputtered coatings usin_ the electron emission microscope,

determining optimum coating thiukness and life based on

diffusion data.

2. Investigate work function and surface changes in alloys

with respect to time at temperature by means of the elec-

tron emission micr_cope.

3. Investigate processing variables such as time and substrate

temperature for evaporation and _puttering, the effects of

brazing on the surface of materials, and its effect on per-

+ormance.

4. Integrate the best materials as determined by this pro?_ra,,u

into a test converter s:tructure and evaluate by obtaining

Langmuir-Taylor "S" curves.
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Program Goals

i. Demonstrati,_n of high bare work function surfaces which

are stable in a converter environment

2. Inte_ration of the material inte a practical diode struc-

ture.

11.%.3 Program 15: Thermionic Converter and Generator Life

Testing PL-ogram

In order to give ther_nionic converter systems de-

signers and systems users in NASA and other ,government agencies con-

fidence in the performance of the converter<, and to assure them

that tile converters are of an actua] hardware type which could be

built in quantity and applied reliably to a system of their choice,

a significant number of converters should be operated under con-

trolled conditions for life-times exceeding 5000 hours. Ti_e con-

ditions of this life test should be full p<._,:er under generator con-

ditions, otherwise temperatures{ in the cenver_er, such as the seal

temperature, radiat,,_r te_uperature, etc., will not reach theLr tmLe

application value. Off-n_axinum operation of the converters on the

life tests will resu]t in substantially lo',_er critical elem<_nt tem-

peratures, a situation which _'ould invalidate the tests for system

design purposes.

The value of having meanin_ful life data on high

po_er converters operating for periods oil time in excess of I0,000

hours can not be over,_tressed. Since these long cerm tests take

between one and t_._'oyears to complete, iL is apparent that unless

such tests begin almo,,_t i[_qmediately, long tenn failure modes, such

as ceramic braze problems, material diffusion, etc., will not be

picked up and corrected until a time approaching the late 1960's.

The lack of engineering design life test data of this t)q_e _;ill

jeopardize the application of thermionic <._nverters _n ;pace, re-

gardless of achieved <:onvert_r electrical pcrfomnance.
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The most critical thcrmionic system de,_.ignpara-

meters to be specified by NASAand otll<_r uscL-sare the system life,

tile percent confidence in this life, and tile allowable performance

degt'adation witil life_ Consider the consequencesof alternatively

establishing specifi_:ati_.ns requtrinF_ device <,onfidence levels of

90 percent, 95 per,:ent, and 99 percent 'or 5000 hour operation with

a maximum of I0 percent degradation. E:.:amination of Table ll-IlI

sho_s that, assuming no failu_-es during: t!_e life test, ]1,500,

15,000, and 23,000 part-hours _,_ test respectively will be required.

The ._;ituati_n for 2 failures assuaged during the te_ts is that:

26,600, 31,700, and 42,000 part-he,lrs of test _,:ould be required

respectively to reach the specified confi_leuce figures. It is ob-

vious that even a small n,_mber of fail<Lres <:an drasnically increase

the required part-hours of test to reach a given confidence figure.

There are two approaches to achieving a given n_Lm-

bet of part-hottrs of .envcrter test: (i) test a larF, e number of

converters for a _icderate period of time (_00 converters for 500

hours:), and (i__) test a smaller sample for a longer period (I0 con-

verters for 5000 hour_). T!]e second approach is being proposed at

this time for two reasons: (i) uhe te_;t stations are too expensive

to consider in large quantities, and (l_) it is essential that actual

rather than projected 5000-hour life characteristics be obtained.

The importance of quality in tile initial _:tages of converter fabri-

cati<,n, the care in rejection of marginal converters at the leak

detection stage, and t]_e <:are in rejection of converters for mar-

ginal electrical per:<_r_:_ance during ac<eptam:e testing can [_ot be

over stressed. Any marginal conw_rter_ _'hich reac, h t:le life test

stage and fail during life test ,_u d_-a_{tically nledify the confi-

dence figures obtained from the file te{t.

It is rec<m_lended to life test ten (I0) high per-

formance thermionic converters for a mi[limum period of 2000 hours

each or until failure, \_hicheveL"., _'_: '-it t. Some of the converter_;
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TABLE11-III

}rfB}_,,_PdR_LL\BILIFYCI£-\RT

Confidence
Required Part-Hours of Test +

0 Failure 1 Failure 2 Failures

2000 hours 4,600 7,800 i0,64090 Percent
5000 hours 11,500 19,500 26,600

2000 hours 6,000 9,500 12,60095 Percent
5000 hours 15,000 23,750 31,700

2000 hours 9,200 1_,,400 16,80099 Per_ent
5000 hours 23,000 33,500 42,000

*Mean time before failuL-e

+B_isedon i0 diodes being tested _imultaneously
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should be !eft on test as long as possible. Also, it is recom-
mendedto life test to a minimumcf 5{)0 h<,,ars a four-converter

generater containing high perf_,rman_:e converter_;.

T!_e dee;Lgn philo:;ophy to be u_ed on the life te_;t

stations _fl_ould stress: high vacuz_m, !cng life components, and

ruggedness so that a minimum of :'do',m time" and subsequent test

interruption will be experienced. Emphasis will be placed on the

careful selection of converters Lo be placed on life test.

Program Tasks

The major tasks of the testing program will be to:

i. Achieve a minimum of 20,000 part-hours of converter life

test, to be accompli::hed nominally on i0 high performance

converters each tested 2000 hour_;.

2. Achieve a minimum of 500 hours laboratory test, utilizing

electron beam !mating, on a four-converter generator con-

taining high performance converters.

3. Demonstrate a device >F_BF (mean time before failure) of

5000 hours with a given confidence ]evel such as 95 per-

cent. i'.,ferring to Table ]l-III, this is equivalent to

saying that 95 percent of the devices will be able to

operate continuously for a period of time just under 7

months without failure or perfor_:mnce degradation that

would render the device useless in its intended appli-

cation. It will, of course, be neces,_ary to carefully

define that point of minim_m acceptable reliability,

i_e., end-of-life point, so that there will be a defin-

itive goal and hence, a realistic yardstick for meas-

urenlent.

4_ Design and assemble ion-pumped life-te:;t stations and

associated mea:;uring apparatus to be u_;ed on the life-

test program.
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P r,//T,_F1 G: '.9 1,'L

] . Estai.[Lsh ndccuatc 1 fife c.';t!n:.: !:e'!m£q:,es

.'_. A_qu[L-c [niaL_2 .,t:vc'_::_.z" :.,p_! ,.,:tt,'t"J:. r ,-','_[,':i_.:_:[_t_." data

• _, . ,
_ 1<2 C. ";t t'_ :'_'1_!:' 1":I_I_. '" #1 !;_,_'rO :I!1!'l]_(!i" , i ] ]_ . _' Lt'_4[_S

on ind[.v/dual diodes can b_ si.;n-JicanLty _-educed _._,iLi_ _i_e LnLred, tc_i.c,n

of- auc:o::ta_ic ci_eckoqt and m<nku<rfng eq:tipraent, i.:ith m_:derate data

,.nonitorkn(_ _e_ i,:zl tes it i,, possible ::c coutinuou,,{ly monitor a large

number of varLa!']es in !mn\" different selected ::iodes,.and as rapidly

as necessary. I'.: is alr:o possible to store data for future printout

and to provide a visual dis'play cf i.ufermati<u_.

Described belay is a typical :,et of equ]_pmen_ which

is reco,.mnended as being part oJ7 the life test: pro[]ram. This equipment

w[l! be compatible v._it'.la lar.<,e var].etv c.f life test stdtions and a

wide varlet)" ci- i_t]_:,ts.

Ir£ :ire 1]-2 [lh_:;u_'aZ(.,_,; in blc,h dia_ram fcL-:n the

au¢ol-meic checl.:ct_t and ;n_:nLu ring cquip:._en¢ whi.ch i,';rc?c,ot:u:tcndcd 1)y

EOS an a basic ittli'- applic.tble ',_o a!_e lil-c ¢,ash >tati.on.<.

T:_e equipment is in five main secLic>n:::

l. InpuL pr_,v[,;[on:;

2. Lend sy:;'zc:u (d)'n0,I1[c and static)

3. Safety s,.'::; t ,,::',

5 ])ago. .<t <,_Ta_,c

5. Pri_nt<_;tt and di.spla)"

"['['.e i_;lp_lt W]_"_L_1 _ <)tls is "c c J_ Lt p;![it'[l 'i)oa_fd x'{.. _-'_. ,several

variet[.es oi- fnp_tt ]ncl:s '.;tt£tab].e for "<lOllit. L'_.ti7 _, tip t() "_00 []lp:ttS.

T_e hlpuks can ]m ',_cc. ,.I: c',[L"-..n::s, '_eater vc, lt.t_;es, e]ect_<,de and

re:;cr gait tci:lper,tt tk-_2:_ _ c t.ttpzl!; vc,] U l;cS , olld output ct_'rcllt.: . _!le

input can rant;e frc, m :.:/]livc.,_._ to 10 "" ''-_

f:._e ])aralue'<ers of L!_e cenvcrt_rs t:o be >l<mitorcd \:[i1

be Fed directly t:e :the data s)'ste:_ which ::ti./izes Cl,e :t:ellow[n:_ ma]<,r

e qu lplllCll[: :

1. A cross-bar _;canner wi',:'_ a prc_,ra:n:_[.n:: capab{lity t<, enable

al1 300 i.p,p,.tts;, c.t" varJ.eus co:._binaui, ns e!7 the:;e Lnp'.,t-s, ::o

be ::camrod ,end subseq_lenti) pk'lnted out.

";32#_-F _nai 11-21_



,2C

r:

.-/

("1

I



o A ciitL'._::: c:_ik:', ,:'}:,'!_ c::t: b,: .-,1] ...... , ,_ ' , >-',v:_de any siren

L'd"O eL pU[P.'fl,"tt _::n;:.n': Irom ,,<<'::is , o ],c,.t°:; ; :tlFc,, 1):7[.NZ-

ou2 can bc 'rran_cd [-_ com])]e:,: a scP.n :t: se.zon(Is witT!l ch.,oll-

I
t[mes raP. [n '_,:_p t.o ::cur:;. 2i:c disita] c,oc], al:{o provLdes

a mean:; L: -,:;'_o _ l:rh the t:f:u_, <[at<: :.,,as acq:tired.

3. A ,sele.'Z< :" switch :.:t:t an>" ::i,,,en fnp:t can [)(2 'Tistl[tll-,, dis-

played on a :;c:ip _!lart: recc-'der, c_;ciilescope, etc.

4. Prearp:; a:ld attalo S :-c di:;ita], converters IR'Y convert in,; the

[rip tit LnCo the printo',tt Q'.-t;t<:t.

5. A di: i_a] pri.ntcr is _:i:i.].i::ed '.-_ r I'L',.vidin:: a pert:inherit

v t tPrec< ....._'f t!ie . t.

'21_(2 load s)".;Lc:: will cot:rain act:ivc _rans:s_:or con-

trolled loads Lqtic:', can iuaintai:l diode ouLpu:: at :nv pre.';c]cctcd value

of ,::rrep.t: or 'A /t:qc. Iu addit: :on, a dvu::mic !cad b_,-: :.-[ i1 be pro-

vided altn:y, with :tl] ..:.-Y t-_','_'if(!el" v:i2:I ',:]I/c!l iI!!.t:tlttaitc< :!:: sweep darn

can be _btained for ,:P,y dic(h'. In add [t [,.,n, Lho Joad %c:: will ])e

<leg;it:nee[ Co c::ablc: a poitlt ',v p< :.::t'race c'J ::teadv-sta[-e data to be

_,ba,,/ned l),,,a :t,:::nt'cally ad]usa[::: _',c !oad tit,prose: level:; and

ma:ntaLning t::/:; [c\o]. :::::LL stabil/::ati._n is acl:ieved a': :,.,!tLclttime

t:tc data :;,ill :,c :-c,:ordc,].

2:e ::','st,m:wLl. t ith'l::de data saOraL:e such that data

can be acc::t:tt:l:z_od and :.'cad cttt ::: ::_,'"de: £_:.,".:.1c J::te. F:,r e::a::tple, t::<'

._;L:(,z4se :;ystc:.t <..,:)e pro,zra:tm:cd to ::t_:-,,:: co:::l,ietc sot oJ: daLa :ulcc

over'.- hot:r. :[d cttt]d ::1(211])o Co:::;:ICtildedat :o::le £::tit/-e dato ,::opL°illt

o':t: _::e cttr.vet.u c:tp':L £ro:n a :;elected dLode for any entire weeks'

perRd.

T::,' h:('l::,,;ion ..F :i ::Loragc prii:[:ottt: :;}'>to:::creat:es

&II c::.:t::,t:,l,'].'," VOl'f:,:lL i. lC! :ttt:zuttlaLic-] i]:e cc:,q'J :;L:n.l- [:,tl \..':lf_c:l :'i 11 :;aVE:

c{.:.,£dcrab]a tz.:te it: red:::tL:.'n ¢_i- data C,.:rt incl,:dc a _)a:)er Lype

:;tor:t[;c ::ntt whi,'h ::a,s be{u: selecLed l?ecau.;c o/ £t:: _::_.lJ.:::it:odc'apacLC F

to .store data ,at::erc:d OVQ,J a rOIL_.i','oly It'll:;, pOrLO([ O][ t::']C. ."_ LLlpL'

rcc,._rder £:: also in,.'J::dcd :;o that the infor::ta_icn can be pri::::ed o':t

tlpot: <,Oil:'l:nd.
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11.3.4 P_-osram i6: Acqu__sition of Diode App]_catic,n Data

At the present time, data accumulated in laboratory

tests concerns the pt,rformance of a thermionic converter at constant

emitter temperatures with variations of power into the converter and

optimiz,zd cesium reservoir and radiator temperatures.

This condition does not exist in operational systems.

Instead, the _-enerator will most likely experience a constant power

input. The emitter, reservoir, radiator and collector temperatures

will vary depending on the load which the converter experiences. It

is imperative that application data be acquired on diodes which can

give the system designer ground rules for matching the converter per-

formance with electrical load and solar power input and can establish

re] lability limits.

Pr_._jram Tasks

i. Establish a test program which will establish the variations

in converter temperatur= as a function of load variation

with constant power input.

2. Perfolvn a series of cyclical tests to determine the effects

of these temperature variations on the life and degradation

of the converter.

3. Establish criteria for converter design.

Pr o_._.ram Goals

i. Establislunent of a handbook of desipn data.

2. Provide practital guidelines of the system designer.

i] .3.5 Prozram 17: Prototype Converter and Generator

_'.a:lufacturing and Development Program

The tasks described here are primarily concerned

with the improvement of techniques _urrently employed on prototype

"Production" diodes to reduce cost, increase reliability, and elim-

inate potential long life problems.
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Statement of Probler_,

There are generally many features of an developmental

(or prototype) device design which can be improved when application of

the device reaches the production phase. When sophisticated devices,

such as the thermionic converter, are fabricated in small quantities

(less than 50 to i00) and with numerous design changes, low-cost and

"foolproof" mamlfacturing techniques are not used due to their cost

on a per unit basis in "one of a kind" or small sample programs. For

example, with regard to prototype converter fabrication, automatic

milling and machiuing techniques are not, at present, applied to fab-

ricating tile molybdenum radiator-collector subassembly due to the high

machine setup charge in relationship to the small number of units de-

sired for a particular design modification. II_ paradox is, that in

general, it is only through the use of such automatic processes that

device reliability can be increased while simultaneously the per unit

cost is being reduced.

In the initia] stages of hardware programs, such as

the thermionic converter prototype fabrication program now exemplifies,

a fine balance must be achieved between the cost of a process and its

general utility for increasing the reliability of the device. If con-

verters were to be fabricated in lots of several hundred to a thousc.nd,

the initial setup costs of a process would no l(mger be a major factor.

Many of the fabrication procedures, such as cesium

]oading, which are used in present-day converters are not optimum from

a cost, reliability, or manufacturing standpoint. These procedures,

at pr_s_,_t , aye, _l tradt-_,ft betw_,en the -ost t(, d_,ve!,_ l, new pr_,cesses

proce_ses used .qilnply F¢'I_r_':,L'_t _l di__ct c_lFt-y-_ver frot:_ ti_e research

and developnent phases

In tile past, ;_]ost tht._rmionic convert(r de\,t_]op,:]t:nt
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b=Jvereco_:_n_zedor stressed a tr_ide-off between re]i<_bility and per-

fc;_m'_,_nc,,,,' _<h ;_s is necessary on all h_r,!wara pro_<r,'m',s.

Preqrc_r: ],?.s:ks

]. ELiminate kno-,'n ,.'e:h< points in the prototype converter de-

sign as it now exists and prepare the design for manufac-

turin_.

2. Evaluate those converter processes and subassemblies which

realistically _!:{____be problem a_eas for long-term life.

3. Eliminate weakn,,_scs in tllc converter processing and design

which become apparent from the results of the life-test pro-

gram and are not now known or anticipated.

4. introduce new manufacturing processes into the converter

(and generator) fabrication which will increase device reli-

ability and reduce cost.

5. Utilize a mm:ufacturing approach throughout this phase of

the program.

Program Goals

The major goals of this program are to:

]. Establish the institute those design changes in the converter

prototype necessary to achieve the converter life and relia-

bility required 'for first generation system application

(95 percent confidence, 5000 hour).

2. Establish thorpe manufacturing procedures which can lead to

a cost reduction in the converters.

3. Improve the manufacturing design of the thermionic generator.

4. Investigate the applicability of advanced assembly techniques

to converter and generator fabrication.

]!.3.0 ProL, L',m: 1_: Design St_d_ _f Ikw _flJermioni¢ Generator

lhc lr_tti<a] r,:'_',ization <,f a 1 kilowatt thc rmionic

g<u]ernt_- i:: _m . a( t [{ _: _, tll i , i _ l.,(,.' t: i rl;:,_; (l<._l_:h]v ::;t/._ _w,!i
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tile development of better mett_(_ds f,,r tr,:':s'-<'rri;: : '.,,<'.." 5,.-. t'._,. .{!,-

sorber cavity to ti_{ ,q,:itters, and bettt, r meci/anical designs of tl,e

_;eneral generator !_.eat tra[:st-er and heat rejection paths. Since _t

appears possible to d,._ve]op a !_i<h tt<u)erature bo_]ing and condensing

heat transfer system, it is worthwhile to start on aI_ analytical and

mechanical design for a 1 kilowatt and ]ar/_er generator utili×ing these

principles. Such a generator would have a wide latitude of design

possibi]ities in comparison with the pre_ent generator concepts wherein

tile heat transfer occurs primarily by di,'-ect radiation to the indi-

vidual converter emitt,:r_. 7]_c present generator designs, i_1 g_mera],

do not allow for p,on-uni_or[it[es in the ,:,irror nor changt:s _n the

mirror due to meteoroid i_q_a{t, t tiliztny, t]le heat pipe principle,

one can envision F,enerat(_r dest},_ns wh:ich are essentia]iv insensitive

to changes in the solar ima_]e within the :<enerator cavity. The ad-

wlncema_nt of a carefully thou:,_l',tout 1 kilowatt generat,_r design based

on sound en:;ineerin g foundations wou]d >y_ a long way toward developing

the c_mfidence of tile ultimate system user in the general merit of the

thermionic generator for spat, • al)pticati,m. This is particularly true

for the power ranges at ,_ev,:ral kil<,watt:_, since no proven space gen-

erator now exists for this r_nf:e. Tl_[s particular program would ide-

a]]y consi_:t of a si:Ipl,_ ch_si};Ei analysis of the heat transfer paths,

,_dltelding pr_i l_ns, and mecilanical layout, with some supporting exper-

iments involving c,vJty i_at transfer in order to arrive at a generator

and generator mockup wI_ich would essentia]ly prove the principles in-

volved in design. Converters would not necessarily have to be used in

this mock-up proof of the design principles.

Program Coals

i. Perform a design analysis of a 1 KW thermionic generator

utilizing a higi_ temperature boiling and condensing liquid

recta] heat transfer _vst,,,:'.
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?.. Pr,,:par,_ ,_ ,!,_tn(]ed }_eat transfer analv,{Js and temoerature

distribution for su\;era] t)'p[ca] gcnc, rator confi,_urations

after developing a general analytical mode].

3. Prepare assemL]y drawings for a IK',,.'generat(,,r shov.dng all

constructional [_'atures and 'mechanical anti electrical layout.

A !::_ch;mica/ mockup w_ll be prepared to cllcck assei_bly details.

]I .3.7 ])_,Lr<_.:::. i_): Cavity Design and Developi!ent

A serious source of system loss is the reflection and

rcradiation losses from the cavity. Another serious problem is the

equalization of temperatures throu_d_out the cavity for best matching

of the converters at high efficiency.

To date, cavity test and analysis{ programs are inade-

quate to a<curately predict cavity performance. It is known that the

cubicle cavities used to date h_ve not _ _u]ted [n uniform temperature

distribution.

The cavity d_sign stronE!y int<,racts with the concen-

trator rim anglt _, surface accuracy, and ref]eetivity. Cavity entrance

diameter is a parameter l_i_llly dependent on concentrator characteristics

and cavity characteristics.

It is recomm_nded that a test and analysis program be

established to inw_stigate in detail the design of the cavity for the

generator. The test program would include the test of sample cavities

with simulated converters.

fects of :

i.

2.

3.

4.

The analysis program would include the ef-

Cavity shape

Entrance diameter

Interior emissivity

Internal surface area

A test cavity would be designed and assembled to sire-

ulate to a reasonabl<_ extent the expected t_mperature distribution in

a real caw[ty. The test cavity would have the following features:
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[. The abi]itv to simulate in n _:<'aledm_nm,r the he:)t trans-

fer fro_u the cavity _,'i_ich",zou]doccur in a generator <ies_%n

2. The ability to be tested with a 5 ft mirror used on a 60
O

mw/cm- day in Pasadena

3. The ability to change cavity shape and emissivity character-

_stics

4. Ability to open cavity entrance d_ameter when desired

5. Abil_ty to open rear of cavity when desired

6. Ability to intezrate actuators and flux control mechanisms

Prosram Tasks

i. Design and assembly of test cavity

2. Design of test facility

3. Assembly ot test facilLty

L. Establishment of analytical background for cavity analysis

5. Programming of computer for cavity analysis

6. Through analysis and test, establishment of ground rules

for cavity design which depend on power level, converter,

etc.

l__rogram (;oals

l. Design of cavity for different p_wcr levels which will equal-

ize tempcraturu d istr ii ut [on _:_d mii:imiz_ losses

1] .3.8 P_rc_r_m, 2< : inv<_,tigati,,n of Eif::_ t _,_ L_wcr

21,,:mpcrat_r_.:s on Convertur Lif_ and Pcrf_.rmance

'ibis program wuuld b_' conducted in conjunction with

Programs Nos. ]5 and 16 in order to acquire further data on the per-

forman<e, efficiency, life and reliability of ¢onverte_-s which are

op__,rated _t lower temperatures than 1700LC.

At the present time, not <:nough infonnation exists

regarding the trade_ff between ]c_w_r temperatures, performance and

life. Long term life tests arc rv:quired tt, estlb]ish further data

, r O
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points ()n the rata of conw_rter deter|oration, |ire vs. power den-

sity, the effect uf load variations on the operating temperatures
throu[,.hout the converter, and other parameters.

The program tasks would be similar to those sum-

marized in ProgL-an,ls 15 &rod [6. Life and diode application data

would be _l_quLred.

lhe proy, ram goals would be to derive sufficient

information for definitive analytical tradeoffs between cavity tem-

perature, power output from the system, and converter |ire.

11.4 Converte_-s

11.4.] Pro_jram 2]: Pow_ _- Dist_'i!_ution and (k,ntrol ]_rc_a(l-

boat-d kssemb]_" and 'f<st

To date, information _'c:.irding tile operation of

syst_ms e]eetroni< s ant _.th<. rcesult_mt effect on g._,nerator and diode

performance is _[mit, < . "io EO[< know]ed.(c, no experi_.:ents have as

yet been pertorn. {I tc dct,._mlin< the intera< tion of th<_ generator

source and a <omp]cte power system.

The operation of ele<tr< x_ics is f:_irly we_ll under-

stood. However, the optimization of t|:e <<.ntro] of the generator

output_ and th{_ t-csu]tant _!aximizing of the efficiency and ]bsl

kilowatt figure for the system wi]] not be well understood until

definitive experiments are performed. It is recon_nended that an

experimental prototype system be assembled and tested.

"fhe program would consist of the assembly and test

of the breadboard for a power distribution and control system appli-

cable to a 5-foot solar-thermi<nic system. The test would use simu-

lated gener_tor and battery p<,wer sources.

T]_e design, _ssembly and use of the generator simu-

lator is a major item in the program. To dat. , tests of solar-

themlionic systems electronics depend upon the operation of actual
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thermionic diodes or _,L:m__rators.For cxt{_nsive tests on systems

electronies_ tile need for operating laboratory generators is a

handicap which can be overcomeby the use of a simulated power

supply. This simulator will be designed to simulate the steady-

state characteristics of generators with a variety of voltage and

current outputs.
The program will result in definitive information

concerning the difficulties and problem areas in control and dis-

tribution <,f power from [he solar-thermionic generator (or gen-

erators), and an indication of the maximumefficiency that can be

achieved from such a system.

A b!ock diagram of the proposed power distribution

and control system is illustrated in Fi._{. I]-3. This schematic

results frem: studies accomplished during this pro,gram.

Three gener,'_tor simulators would be assembled,

capable of 0 to 200 watts output. The simulators can be placed

in series (as sh(,wn)or used individually. Part of the test pro-

gram will involve different series and parallel arrangements to

determine operational problems.

The output from tile zenerat<,r simulator is fed to

an unre[4u]ated dc to dc converter. In Fig. !i-3 th<_converters

are shown in an arran[,,em_nt _u<h that if u single generator or

de/de converter should fail, two-thirds of the power output can

still be obtain<_d fLr_m the system.

l'he shunt load control is used to provide a re-

s_itant ct,n_tant c_irrent load to a th_rmionic generator, regardless

of the system load. "fhe cout_-ol for the sLunt load device is ob-

tained by mensur[ng the battery ch_qr[b_r current and load current

and subtracting the s<_n of the two from the desired constant value

selected for the thermionic generat<_r operating current.
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"flk_ battery charger will _ssentially consist of a

standard de/de pulse-width modulated device with an averaging out-

put filter. The , harger will be controll_=d by various inputs de-

pending on the op_.r_ting mode, power available, and the battery

condition, The Lbarger will be used as part of the "parasitic," load

to provide a constant load current to the tbe_mionic gener;_tor.

Therefore, _he _h_rger m_st have one control input that limits its

inpL:t current to :_ w{]ue which will not over-load the thermionic

generator, Batt_.ry charging _.;i]] be constant current, but modifi<_d

by terminal voltag_ _n,! batte_*v temperature. Thcref_-_'., th_ charger

w_ II l)L','vide a constant _ha_'_',e current t,,ntil tl___ ter1.:inal w_It,uge

reacl_,..', _ p_esct value at wh.ich time the charge current will be re-

duced t_:.a low trickle oh.argo va!ue. The preset voltage will be

temperature dcpcnder_t ,:nd controlled by a measurement of battery

temperature.

The battery will be simulated by a dc power supply.

During test, characteristics of a silver-zinc, sliver-cadmium, and

ni_kc_l-cadmium batteries will be simulated.

Since the battery cannot be connected to the un-

regulated dc bus by conventional techniques such as are used on

Ranger and Mariner vehicles, a de/de converter must be connected

between the battery and the bus to provide tht,. proper power stmm_a-

tion. In order to provide the proper control, a pulse-width mod-

ulated dc/dc converter must be used to obtait_ this control input

from a measurement of current. The battery current is used only

when power is required from the battery. This will only occur when

the load current exceeds the preset output current cap_qbility of

the thermionic generator'. When this occurs, the battery charger

and shunt load are made inoperative and the battery convertor ac-

tivated. The output control for the battery currct_t is obtained

by tal:ing a diflerence betx;een the load currel_t and the tl_ermionic

generator preset.
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The necessary dc voltage regulation will be provided

by a voltage regulator. For reasons of increased efficiency and re-

duced weight and reduced complexity, a switch-mode-down converter/
regulator is rec_mmt..nded.

The selection of the nlmlber of low voltage de/de

converters which accept the ot_tput from the generator will depend on

a more detailed stt:dy _}f the re,liability and weight tradeoffs. One of

the objectives of the pr(_posed systems tt:st is to provide applicati¢,ns

data regarding the problems of placing generators and de/de convertc_rs

in series-parallel combinations. If th, failure of one or more gen-

erators is anticipat_d, the us_, of two or n_re dc/dc converters seems

reasonable, lh,wever, an optimt_n number of de/de converters does exist

depending on the desired unregulated bus voltage and its effect on the

efficiency of the system.

The generator simulator design would provide I-V

characteristics of the generator for power ranges of 0 to 200 watts

at voltage levels from 0.5 to 1.2 volts. The I-V curve would be

"steady-state", i.e., will simulate the c_se where a constant amount

of power is available to the generator. The slope and shape of the

I-V curve wil] be variable within limits determined by the detailed

design.

It should be noted that the proposed generator

simulator is the first of a series of simulators which should advance

in sophistication as more is learned about the system. The second

iteration would include a simulatc_r which accounts for the transient

characteristics of the generator and/or could provide higher power

outputs.

The load, for purposes of systems test, would b<_,

first, a passive series resistance and then an active circuit whi<h

simulates constant 1)ower lo.Td lines. As indicated, for ccrt:{in modes

of operation the load would split betwe_n raw dc and regulated output

to determine th_ effects on system pt_rf,_rmance.
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P_'o$_'am Cosls

Program gc_als are stmm_arizcd as foll_)ws:

i. Attain a complete understand ip,g _,f the functioning and

interaction of the gener_t_,r and power distribution and

contro] systems.

2. Attain a breadboard <:fficiency of 75 percent for a power

dist_'ib_tion and contro] system and obtain an understanding

of the ]osses in the system f_,r various modes of operation.

3. With a background of experimenta] performance, design a

system for minimLml weight.

4. Attain an understanding of the tradeoffs in redundant com-

ponents, weight, re]iabi]ity, and other factors to increase

overall systems reliability.

11.4.2 Prozram 22: Investigation of High Temperature L{_w

Vo]ta_e dc to dc Converters

One of the major problems in the utilization of

thermionic generators in space involves a power conditioning device

which will convert the low voltage, high current conw_rter output

to a level capable of being used on the spacecraft. The low voltage

dc to dc converters, which to date have been investigated and applied

to low voltage conversion devices, consist primarily of configurations

of germanit,_rn semiconductors. Germanium type semiconductors deteriorate

in performance w'_rv rapidly at ambient temperatures greater than 50°C.

It will be difficult to locate these p(,w_r conversion devices far

enough from the hot th_,rmionic converter generator so that their tem-

peratures could be maintained at a va]uc: lower than 50°C. Altho1_gh

these power conditioning d_vices work l-,m_arl,ab]y well under ]g_boratc_/

conditions, they are completely inadequa[L l<r: any practical thermi_,nic

space power system. 'ihe prob]em must !,.'la< d soon, othel-wise a

major link Jn the thermionJc generator system will be missing, when

the time comes to apply such a system. A backup program relating to

the development of high temperature switching devices should be
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undertaken irmncdiate]y in order to ac._icve a dc to dc converter which

is capable of operating at temperatu_-eson the order of 50L<'Cto 7U0°C.

Onesuch device is a c<siun_vapor thyratron which,

under the pr_)p_r desi£n conditions, conc_eivably could operate with

zero fo_--wardvolt drcp _t currents of I0@ to 500 amperes. Such a

cesit_n vapor switch could be madean integral part of the cavity

absorber utilizing cavity thermal power. The power actually trans-

mitted to the spacecraft under these conditions would be high voltage,

low current power. This power is easy to transmit reasonably long

distances without heavy bus bars or w_ight problems. This approach

may bear more immediate fruit than the high temperature semiconductor

approach, which has not been successfu] over the last ten years.

Pro,_ ram Goals

]. P_rform a comparatiw. _ analysis of silicon, germanium, and

other advanced semie_)nductor devices to determine the

tradeoffs between performance (efficiency, lifetime, weight)

and operating temperature{ for present and near future com-

ponents.

2. Pt'rform a design analysis of a high temperature, ]ow volt-

age dc to dc cesium v;{por thyratron operating with cavity

thermal power. Determine the relationship between efficiency,

voltage, weight, and operating temperatures.

3. Fabricate and test several experimental mode]s of the ccsitun

vapor thyratron to demonstrate feasibility and evaluate

performance characteristics.

11.5 Solar F]ux Centre]

11.5.1 Progr#_ 23:

Mec hanisms
Development of Solar Flux Control

It is recommended that an investigation of a solar

flux control subsystem and its interaction with cavity temperature

distribution be initiated inmaediately.
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The basic componentsof the solar flux control pr_;to-
type system are i]lustr,ited in Fig. ]i-4 and consist of the:

I Test concentrator (mountedin a tracker)
2 Flux control mechanisms

3 Test cavity with instrumentation
4 Actuator mechanisms

5 Heat sin|< for the cavity
6 Flux control electro,nits

The flux control mechanismsand actuators can take a

w_riety of forms. Three mechanisms arc :ecemm,_!nded for more detailed

investigati<n. Th_v may include, the' < ].J_. she]], iris, flat_ or ex-

panding cavity types, l]_c a_tudtors wi p_ b;iblv b_, bourdon tub<,s

as these actuators, tl_reugh pr_vious study, were found to be most

suitable for this application.

The flux control electronics will control the actu-

ating mechanisms by command or automatic feedback. The electronics

will be assembled in prototype form (see program 24).

The test cavitv wou]d be assembled under program 19.

Program Tasks

]. Assembly of a flux control test facility including a test

cavity.

2. Desifn and assembly of flux control mechanisms.

3. Design and assembly of flux control electrodes.

4. T_sts using solar radiation of several solar flux c_)ntrol

pro totypes.

Program Goa]s

1. Demonstration of tb,e abi]ity of a solar flux control to

regulate so!ar flux input to the c:_vity ':__,.,_,e maintaining

uniform temperatures within the cavity and with adequate

sensitivity.

2. Demonstration of the actuation mechanisms.

3. Demonstration of compatibility with the electronics.
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I1.5.2 Program 24: Development c_f Solar Flux Control

E],'c tr_mi c s

l'|_e object c_f this program wo_lld be the design and

assembly of a ]ightw,_ght, low power electronic unit which wouJd con-

trol the solar £],.:x control mechanisms by sensing solar intensity,

ground commands, andlor other sensors. This program would run in

parallel with the assembly and test of the flux control mechanisms

and would result in a complete solar flux control system.

"fh_ electronic system Jnt]udes the sensor, signal

conditioning, power leads, and actuator duvices for the mechanisms.

Actuat_,r devices include bourdon tubt, and bimetallic elements.

Prosram Tasks

I. Design of electronics.

2. Assembly and test of prototype electronics with flux control

mechanism.

Prozram Goals

i. Minimization of weight and watt-hour erequirement of a

practical solar flux control electronic system.

II.6 Cesium Reservoir Control System

ii.6.[ Program 25: Development of P_ototype Cesium Reservoir

C_ntro i System

At present, it appears that an active cesium reservoir

control system can bc useful to minimize startup time for the generator,

to provide vernier centrol for converter operation, and compensate for

changing solar flux input.

_hc circuits _-cquired for cesium reservoir control

are already known. It remains, hc,wt_ver, to integrate these circuits

into actual cesi_n resurvoir operation in a I_,ractical manner. Only

by attempting the prototype development program can the complete range

of problems be explore.d.
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Program Tasks

I. Perform detailed design of the active control system,

instrumentation requirements, and sensor requirements.

2. Integr_te the temperature sens_r into a practical converter

cc_nfiguration.

3. Assemble the active cesium reservoir control.

4. Perform laboratory tests detcrminin_ effectiveness of the

control .

Program Goals

I. Hinimize weight and watt hour 1-cquirement of the cesitml

reservoir control system.

2. Minimize startup time of the g_mcrator by quickly h,_ating

the cesitm_ reservoir.

11.7 Systems Analysis and Test

ii.7.i Program 26: Dcw_!opment _,f Test Plan and Test

Techniques f_,r Svlar-Thermionic Systvms

This task concerns the est_iblishment of a test plan

for a solar-thermionic system which would qualify the system for

flight use,

At the present time, it is impossible to simulate

an exact space envirolmmnt with an artificial source of adequate col-

limation to simulate the solar radiation environment.

Even if the entire system is enclosed in a vacuum

chamber and pointed towards the sun through a window, the intensity

is not adequate to power the system <_t full level.

A complete systems test should include physical in-

tegration as well as electronic test. TypJcai test steps would in-

c ]udc :

I.

2.

3.

4.

Unfoldlny, < f the _,uppt,rt mccl,._:,isms.

Mechani, ._l integration of the vehicle.

Fui[ p_,wc:r test of the p,,wer source.

Full pow, r test of the electronics.
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Program Tasks

i. Est_Ib [sh _ tc_t f!c,w p{,in for a complete flight system.

2. Defin.. th_ cquil)ment llccded for ,__:iLhstep.

3. SunLmarizc the techniques possible for simulating the solar

power input to the generator and perform laboratory tests

that confirm the predicted result.

4. Establish the validity of solar tests for the generator

in a vacuum chamber.

5. Determine the time and cost rcquirem,__nts for each stc_p of

the test process.

Program Coals

i. Est:iblish a plan for solar-thermionics systems test which

insures reliable operation in space.

2. Ninimiz__ the cost and time rt_q_ired for solar-thennionic

systems test.

11.7.2 Pro,gram 27: Dcv_lopm_'nt of System Optimization Program

At _ht, present time, a complete systcn:s analysis in-

volves considerable reiter_ti(n and optin:iz_ition. It is entirely

feasible to set up a systems optimization program on a ct,mputcr which,

using a w_riety of asstm_ptions, can result in an optimized system for

any given power le\,_'.[, solar intensity, concentrator ch_racteristics,

generator e.fficien_ its, electronic charact_ristics, etc.

It is recommended that such a program should be

established ]n the near future. The comp_ncnts of this program would

include subroutines for concentrator and cavity analysis, generator

support analysis, optimum loading for the generator, optimum voltage

output of dc convertt_r and r_,l ted items. '7'he subroutines could be

combined to result in cm optim'<m system.

Pr_ram Tasks

i. Derivation of the analytical expressions for the optimization

routin(_.
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2. Surmnarizdti(mof assL_nptic,ns in tabular fc_rm for input to

the comp_:_ _ .

3. Test runs of tl;,_ aaa]ysis progcam and checkout.

Program Goals

i. Establish a program, by which <i_anges in system design can

be quick]y verified with regards to their effect on overall

effect on system performance.

2. Establisltrnent of a program which can quickly determine

optimmn systems in any given missJt'n environment.
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APPENDIXI

SPACEEI';VIIIONMENTALEFFECTSONREFLECTIVESURFACES

1. SPACEENVIIiO_IENTDEFINITIOF

Engineeri,ng assessment and ev41uat]on of the behavior of materials

in space requires complete knowledge o_ the space enviromuent in the

regions to be encountered by these material,s. A survey of the current

state eL hnowledge of space physics reveals manywide gaps in the data

and manyvariations in models set forth to explain and correlate scat-

teL-ed data collected in space explorations with terrestrial and astro-

nomical observations. ]it is, therefore, difficult to conclude with

precision the environments a particular earth satellite or planeLary

probe wi]] encounter during a planned missioil. This section attempts

to sunm_arize the current knowledge of the space environment in order to

provide guidelines for analysis and en_:ineering of solar-concentrators.

The material provided in this section is quantitative wherever possible,

b,_t in many instauces where data are inconclusive, questionable, or

lacking, the best estimates of recognize(! experts have been provided.

Environments to which materials in space will be exposed have

bcc:n classified into tl_e followJn g headin;,s:

]. Atmosphe_-i c p(_rt ic les

2. Metc, oroids

3. Elec tromaLTnet ic radiations

4. Geomagnetic fields

5. ChaL_' ed pau[ic les

In the present study program we are primarily concerned with

effects of the environment on solar-concentrator reflective surfaces.
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Since reflection is primarily a surface characteristic we are particu-

larly sensitive to aspects of the environment that mi<i_t not ordinarily

pose muchof a hazard to materials or structures in which mechanical

strength, chemical or electrical characteristics alone are the prime

considerations. An example is the damagingeffect to surfaces result-

ing from exposure to low energy charged particles as opposed to the

more penetrating charged particle and electromagnetic radiations. Un-

fortunately, it is the low c_crgy chaL'_,_cd particle of space of wl_ich

the least is known. Host of the early space exploratory satellit(.s

and probes have contained simple detectors that were selective for

hizh energy radiations to the exclusion of the low enerzy particles.

[{ccent data, from Explorers 12 and 14 with more sophisticated equip-

_mnt, indicate that high levels of the lower ener_y particles exist in

the Van Allen belt regions. Anotiler region of _#hich little is known

is the area i:_unediately in the vicinity of the magnetopause and the

regions of interplanetary space. Am)ti_er ca_,se for uncertainty arises

from temporal variations due to solar storms of varying intensities

that distort the geomagnetic trapping areas causing unpredictable and

w_de fluctuations in intensity, energy, and spatial distribution of

the charged particles. Certainly uhe space "weathe_-" is very difficult

if not impossible to predict with a high degree of accuracy.

The region of space conside_-ed, for purposes of this study, is

bo_mded by 300 nautical miles out to the outer limits of the magneto-

pause, i.e., to I0 to 12 earth radii, or about 40,000 to 48,000 miles

altitude. Of principal concern tllen, are tize trapped radiations occur-

ring within tile magnetosphere; the changes in these belts resulting

from solar flares; and the cosmic and solar emissions in the fo_-m of

electromagnetic and _har_-ed particle radiatio1"_s penetrating tl_is rel%ion.

Treatment of cosmic radi_tion has b_,en limited to basic data

sufficient to indicate the relaLive effectiveness, or ineffectiveness,

el damage from this sou_'ce of radiation. Here complete treatises are
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readily available in the literature and standard reference books. For

the purposes of this study, cosmic rays are a negligible factor in

materials degradat[oils.

The subje_ t of temperature and pressure as a function of altitude

has been included to i)e complete, lh_wever, at the altitudes under con-

sideration, we are primarily concerned with the atomic density or the

number of part Lcles per unit volume found in space and the speed o£

these particles (Li_c£r kinetic temper-attire). These, data may be ol

importance when considering the _-elat_ve speed of a satellite and

sl_m,l>', or swiftly, movin,,, unclLar&,ed atomic particles on collision

with the surfaces of the satellite.

In the case of micrometeoroids, the potential physical damage

possible to suria_es of the satellite from these bits of matter can

be easily appreciated. In some cases, there can be actual penetration

of the surfa{'m by sw[ft_ dense meteoroids. These cases are somewhat a

matter of chalice and the de_,ree of risk can be inferred.

The extremt_Iv high levels of electromagneti<' radiant energy in the

ultraviolet region of the spectrum ori_inat[ng with the sun combined

with Lhe earN_'s albedo, cause a good deal of attention to be focused

on this subject In paFticular_ tl!e exist[ng inlensities and spectral

distributions ol these electromagnetic radiations are of concern when

stu(Iy_ng materials effects because of the possibl<_ selective absorption

or sensitivity of the material to particular wavelensths. Degradation

of spectral reflectance with excess absorptivity of t[_e reflectin S sur-

face followin b prolonged exposure is of concern to the optical engineer.

The damaging effect of the c_mbined environment or reflecting surfaces

exposed in space missions is certain to be more apparent than for other

satellite structures.

I. i Temperature

From a practical point of view the conditions of temperature

in space are somewhat paradoxical. Temperature, being defined in terms

of the averar_e random kinetic energy of the molecules or translational

motion, is determined from the following equation:
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where v

k

F,]

T

2
my 3 kT

2 2

= average molecular velocity

= Bolt zmann constant

= particle mass

= temperature

From this it can be seen that temperature is proportional to the mass

and the square of the velocity of tile molecule or particle. As can be

noted from FiF.. I (Ref. i) the Zineti< tc.mperature rises rapidly at

altitudes above itl{l kin, which means t!_at the particle is moving at

"_ pee _s. altitudes of 400 km and great_Fvery hl_:_h s ' A'_ , ti_e kinetic

temperature is appro.<ima[ei, ! ,(10°K but here the atomic density is

only about 10 7 atoms/era 3 ....• 1111 _ !_'_,. ,,'.,,:'.sity elf high temperature mol_,-

cules or atoms will m_t greatD:' alfe_ [ t]_c tcmperatu_-e tJf the satellite.

At these and hi her altitudes the vehicle achieves a thermal balance

' l_ ,) , o ,• . , _.3- ,00 Kbetween tile st'.n (_II00 'K) , carti_ (28_°K b]ac_,<ooc ,) moon (

blackbody), its own iL:tcrnal heat sources, and space (%OK blackbody).

Even at a pLCssure of i0 imu HZ (-_ 100 k::0 and an assumed vehicle

temperature of 300°K, the ratio {)i Iteat transfer by conductive _neans

is about 10 -3 c,i tire radiative proton;<, ilcat tY<lt_sfer effects may

-5
usually be adcqu,_telv simulated by testing pressures of lO nml It_l.

1.2 PressuL c-Density

Atmos!)heric pressure decreases from 760 nnu Ill<at sea level

-[2
to a figure of less than if} im'a}{Z be) onJ 4000 miles altitude (approx-

imately one eartli rad[l_s), (Refs. I, '2, and 3). Figure 2 (Ref. I)

charts pressure as a function of altitude. As the pressure changes

with altitude, tltcre is also a change in tire relative concentrations

or densities of tile constituent molecules or atoms, Fig. 3 (Ref. 4).

At lower altitudes the N 2 molecule is predominanl. At about 200 km

altitude 02 molecules dissociate into single neutral atoms and pre-

dominate. At altitudes above I000 km He atoms begin to predominate.
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Above about 2500 km, H atoms predominate as noted fr<)m Fig. 4 (Rei. %),

which gives atmospheric and constituent particle density as a funcfion

of altitude. Table I (Ref. 2) tabulates atmospheric pressure, temper-

ature, particle density, concentration, and ionic composition at

selected altitudes.

Singer (Ref. 0) defines the base of the exosphere as the

level above which one half of the escaping atoms will undergo a c_)[-

lision. From this base at the top of tile atmospi_erc, molecules may

escape into space. At lower altitudes molecules are prevented from

l'scaping by collisions with other mol_cules in the over]ying atmos-

l)herc. The exosplle_-_ is, therefore, the frinF, e of the at1_osphere that

extends into space. This altitude is calculated to be 530 km whi<ll is

equivalent to a geocentric radius of 6900 I<m. In the absence of col-

lisions above the base el- the exospher(,, thcL'e will be no thermodynamic

equ:[librium and, in Leneral, no Maxwe]lian distributLon of velociLies

of the particles. Therefor<_, the contempt el temper_ture cannot !)<,

used above this altitude.

1.3 E lec troma[,nct ic Radiations

l:',f_-ared, Vfsi_b:e, Nea_-UIL_aviolet (_._3000i)

The total f[tlx of solar eic< troma_,nctic radiation per

unit area at I AU (astronomical unit) iL-om [:he su_ is known as the s,)lar

constant. The solar constant is Liven as follows:

9

2 0 (±0.04) c_tlOL ies/cm-/min

or

1.4 (=0.025) .x i00 cig/cm2/'sec

T',_e greatest bull<, or _;_p_ximatei)._....... 0;4.7 percent _)i-._

elect_-omagnet it ener!,y existing within ou_" solar s\stcm emanates !r<_:,_

the sun in the spectral _'an_',e above 30t)Oi in the ;-e!.',ion between 0.3

alld ] ::liCL'Ons
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The sun's energy spectrum is given in Fig. 5 for

alt ftudes greater than 100 km (kef. fi). Tile spectrum closely appl-o::-

imates the emissfion of a theoretical blackbody solar disk at a tem-

perature of O000°K, a contmonly accepted fi_;ure used in calculations

involving solar energy. At distances larze with respect to the sun's

diameter, tlte irradiance may be considered to vat), in accordance with

the inverse square of the distance to the sun.

Ti_,e sun's cheryl)- output remains very constant. Vari-

ations caused by sun spots and solar flares cause tess than 0.4 per-

cent chan_)e _n output. :lost of this chanlte occurs at the shore ",;ave-

l. cn,_;ths. T]_Ls is fuuL<l'_ur distressed in Subsect:ion L.,. Table II

(Ref. 2) ires a breakdr_wn of the fr:wtion of total enerxy and the

t_)tal enerzy <m a uuululr_tive basis with increasing vzave]enzth val1,,es.

important to sat:ell itcs is th<_ elfee t of tild Lltl:I<_G-

pl_ere's rei[l_,uttmuc and sc:at:te,:[n_: pr{_pe_'t:fes, or all)ado radiatfon,

which causes an increase _n tile radiant el]clcLv to which the Veilic[e

surface,_; are cxpo,_;ed. 'i_lleearth's hemispherical re|lcctance (albedo)

a,.,era,_es 0.36 t,) 0.3!) <it visible wavelen_,,th:{, with _;e,_sonal chan}tes

l_rora about ().3 to i_. ). }.st:[mates for the near infraL-ed arc about 0 3;

for tile near uttr;_violet abo_it i).5 (,Re:. 2). For a 100-!uile earth

orbit and an assumed a[b_,do eli 0.3,; Ci',c ma):imum radiant euer'3)" per
,)

unit area on a spherical vehicle i:; _00 watts/:neter-. Fizure 6 :;hews

tlle ener!;y per _n_ifi a]-ea of spherica_ and _flat surl_aces as a functl_}n

of altitude res_!ltin_; from the earth's a]bedo and the eart}l's themna]

radiant e_ersy (,Ref. 3).

]]es[des reflected s_nlfT,]it , there will also be t]ler,._aal

emission from planets at far-infrared wavelengths. <]lose to tile earth,

this amounts to abotlt 2 x I0 ) er_j,lcl_l'/soc_ peakin Z at 120,000i (1.'2

.microns). Much less than 0.] percent of this radiation is at visible

and ultraviolet wavelens, tils. Tile s:m_.e is I_t'_!e. c_f tl,e radiation i]rum

tile other plallets. T]lese radfations, as well as tile ;'_odiacal lizht

432u-FJ na]. I -9



TABI.Ei T MI'I..'dlVE ENERGYDISTRIBUTIONIN SUNLICH[,AI EART}t'S
DISTANCEFROMTHE SUN (Ref. 2)
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caused }%,•scatter in,,_ < of solar radiation by interplanetary_ dust particles
-3

of the order of lO cm in size distributed throughou[ interplaneta.-_-

space, are of negligible energy when compared to tile direct solar _-adi-

at _on.

.'N.teoroids

Damage to materials can resu]t from meteoroids by

erosion, perforation, spallation, and pressure shocks. The extent of

dama,_<e is related to the flux rate, particle size and density, and

impact speed. As is :<chorally true of other elements of tile space

en"Jronment these data are not yet too accurately defined with respect

Lo spatial distrib_tion and are variable uith tim_. Meteoroids may be

classified as meteorites, meteors, and mJ{rometeoroids or (lust:. The,{(

differ as to mass, density, orbit, and orizin.

Hasses of :,to_e or metal _:eaching tlm earth from outer

space, are believed to bc o1 asteroida] o1-]g[n and orbit the sun n(,t

far '- " -_ro,._ the ecli_ptic fhe[r masses a1:e often above i ._;ram _;ith den,;i-

ties o1- 3 to 3. ) _',m/'cm3; about l0 percent arc iron-nickel fragments

3
with densities of 7 to 8 gm/'cm . Their velocities are usually about

20 ;<m/see though tlmy may i_ave velociLies of a maximum of 72 kin/see.

Tile),,do not concentrate around the earth so tI_.at their flux in the

vicinity of the eactll is so ].ow that collision with an earth satellite

is hi_,,hly improl)ab[u.

%¢_Leteors

Visual flashes arc caused bv t]le entran<e of meteoric

particles Lnto the earth's atmosphere, rile majority of these particles,

detectable visually or by rad[o, r-adar, or pl_otography, are p_-esumed to

come f<om comet debLis. They are mostly porous dust balls with a very

2
low overall density, proba[Jly near (].l ,;m/cm with a ma',{s yenerally

less than I [_nldowll to the limit of dotect,'{bilitv of 10 -5 ;m. OL-b_ts

are elliptic, mostly _;ith high eccentricities, and o<cur at all angles
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to the plane of the ecliptic. Those meteoric particles do not coi_-

centrate around the earth. Their velocities relative to tile earth or

a satellite ranze from a few kin/see outside the earth's gravitational

field up to about 72 kin/see and _verage about 30 km/scc. Close to the

earth tile minimum velocity is increased ])y the earth's gravitati(_na]

field to ii km/sec. <]loser to the sun, velocities iner-ease. Some of

the meteors are associated in shower'._ movin_ tozether in elliptic

orbits which the earth may intersect once or twice a year. Figure 7

.gives the distribution of velocities for sporadic and shower meteors

(B_ef. 7)_ Fi_]ure 8 charts the number of par[icles as a function of

ecliptic latitude_ (X<_f. _).

Mic _-ome teoL-o ids

The fine dust particles are believed by some to be of

the same cometary ori:'_in as tile visible meteors. [)cnsitv of the pal-

titles, or porous ag[;re!%ates of dust, rani'e from 0.<)5 to 3.5 _i/cm 3

-lO 3
Minili_m_ masses \'ary from about 4 x i0 Z, at a density of 0.05 ,_-,cm

-14 3
to ab(,ut 7 x i0 g, at a density of 3.5 g/'cm . The maximum si_'<_

approaches I0 _ , Dust orbits around the sun are, in general, neax-l'_

circular and are near the plane of the ecliptic. Relative ve]ocities

are _:lostly under 20 km/scc. Predictions of increased dust concentra-

tion around the earth are confirmed by examination of the altitude

dependence of micrometeoroid flux as measured by sounding rockets,

satellites, and space probes. Attempts to quantitate the data indi<atc

-i -?
flux wlriation wit'_ a power of R of between R and i< " where X is

e e e e

Lhe Zeocentric radius. The dust cloud around the earth extends ouL

about l0 b kin. T[_e particles composing it are either- spiralling in

to_;ard the earth _)r orb :_''_In_'"around it. Velocities relative to the

earth probably average 7 to 15 [<in,/sec at low altitudes, and 3 to I0

km/sec at higher altitudes. The dust cloud is held by gravitation.

Atmospheric drag, including electrostatic drag, and interactions with

solar radiation pressure may play a part in tile earth's capture of [his

dust from the heliocentric orbits. In interplanetary space, the dust

concentration increases toward the sun at about the 3/2 power of s_]at-

distance.
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The chart given in Fig. 9 (fief. g) gives a comparison

of data on cumulative meteoroid impact rates near the earth estimated

by various workers. Whipple's curve, labeled 1963A, Fig. 9 represents

d_e most recent estimation of influx rate by an expert in [his fieh!

of stud',. This curve and tile curve labeled "B" in the figure have

3
been calculated for an average parti<le density, D, of 0.44 g/cm

1.4 Deoradation of Rcflectin$ Surfaces by Micrometeoroids

In this secti_n equati_ms are developed to predict tlle effect

of micromeheoroid bombardment on reflucting surfaces in earth orbit

Numerical results, which are given for several sets of assumptions,

indicate degradation of reflectivity from this source ]_._uot too

severe. However, since detailed data on tl_e micrometeoroid _lux arc

not yet aw_iiable and since the theory of hypervelocity impact is not

fully dcw_loped, these numerical results must be considered as oni) a

first approximation.

I.'_.i General A?proaeh

A micrometeoroid striking the reflecting surface of a

thick target is assumed to create a hemispherical pit in the surface,

as is indicated by hypervelocity projectile experiments (Kef. '_). It

is further assumed that the circular area defining tile top of the pit

has zero reflectivity, which is the worst case. In the following

treatmeut n, _-, [ incidence is assumed for the entire mierometeoroid

flux, all,, t is realised tl,at this in general will not be the case.

Whun ft_L_ti_.1 .: i,uts on orbits and orientations of the reflection ex-

periment are a\ a/ l_!)le the following< equations can be corrected for

proper angle ol incidence distributions.

It has been shown (}{efs. 9 and i0) that the volume of

material displaced to form the pit is directly proportional to the

kinetic energy of the impinging particle. The constant of proportion-

ality, KT, involves only physical properties of the target material.

4320-Final 1-15



-50 -40 -30 -20 -I0

I I 1
0 I0 20 30

ECLIPTIC

40 50 60 70 80

FIG. '

DISTRIBUTION OF VISUAL SPORADIC

METEOR-RADIANTS IN ECLIPTIC

LATITUDE (Ref. 7)

4-4

(_
Z
O 4-2
0
w
o3

tw 0
IJJ
Q.

_'tw - 2
W

L_

_ --4

F-
OC
,_ --12

n,"

Z
--16

0
_J

--18

--20

-14

_' I ' I ' I ' I ] I ' I T I ' I ' I ' i ' I ' I _ l ' I ' T ' i ' I i1

__ /SOBERMAN & HEMENWAY

-_ _ _ ,,,,,,,_ (1961)

% f

\
/McCRACKEN

_ (196l) e'O.

\ -

_'_ X _MET. RISK

.,%,,% ,,9s8, _

. _N%%

-,I , I ,l ,I ,l ,I sl, I ,I ,I ,[ ,1 ,l ,l,l , l_ll-

--12 -I0 -8 --6 -4 -2 0 +2 +4

LOG MASS METEOROID IN GRAMS

FIG. _

CUMULATIVE METEOROID IMPACT

RATES NEAR THE EARTH (Ref. 8)

[-2. ¸



Since there are at least three different theories (Refs. 11, 12, and

13) on the calculation of this constant (as discussed later), we will

leave IiT as unknown for the moment, and formulate the above statement

as :

9

V = i/2 mv-/K T

where V : w)lume of hemispherical pit (cm 3)

m = _;ass of micrometeoroid (-'.rams)

v : velocity of micrometeoroid (cm/sec)

I% = tar_,,et con,_tant (ergs/cm 3)

The area rcm_ved from the reflecting surface (i.e., target) is calc_-

laced from thu formulas for the volume of a hemisphere and the area

of a circle t_, be:

where A =

' 1,"9 _ °/3

3" -_
A = I

O

area removed from surface (cm_).

Combining Eqs. 1 and 2 yields:

A
I 3rTl/2 my 2 12//3

( 4K'r /

This e:<pression gives the area of reflecting surface removed for any

micrometeoroid of mass m and velocity v.

In order to calculate the integrated effect of the

micrometeoroid flux we need a distribution function relating the hum-

her and mass of these particles.

work of Whipple (Rcf. ii) as:

where N

N = KU/m

This function is provided bv the

= nu:aber of particles per unit area per _nit time

-O -l

({'In- SeC )
-16 9/ _-

: WilJpple's constant : 5.3 x lO %,cm /sec

(I)

(2)

(3)

_'_)

432e-Final [-17



1
The diflerentiai form of Eq. -'.,

,)

dN : -K dm/m"
W

may be combined with Eq. 3 to yield:

3,vI/2 v2 )2/'3 -/4/3AdN - 4 K T .i<w.:_ din

If we assume a constant velocity for all particles, as is generally

accepted (Ref. 9 and ii) , Eq. 6 ma F I)e integraLed to give:

(%)

i))

_AdN ": 1,'% / 3_1/2 v2 i 2, 3 -L"31

'- I "_ KT J .k .:.: !
ill

(/)

The dt,._ired quantit", iAdN, which is the fractional area loss per unit

time due to tile ct_th:e f]u×, cau now be fcutnd, 5<[ven the required con-

staut_ and tile 1 _wer limit _.,f utass, m*, are i<m,wu. This lower limit

o17 mass can be c_llculated based on Whipple's consideratJ,)n (Ref. 11)

that when the solar t-adiation pressure on a part:t<le exceeds the solar

y ravitatioi_al force, the particle will be f,)r, ed out of the solar

syste::'. The govcrnin< equati_)n is:

where O :
l,l

1; 1_'¢

O o

I[1

cm 3)as:_u:ue{! micr,.)meteoroid densiL',' (..,

(8)

No now rc.[uru to consideration ,}f the tarLet constant,

!%, whc]: is ti;e e_er.\, requkred per unit volume in the 17ormation of

tile pits. As mentioned ab,,ve, at least three approaches have been

proposed f.)r c',aLctIlatiny, K,. The first, suggested by Whipple_ (Per.
i

ii) , involves the thermal c,nery, y required to melt the target material.

This is formulated as:

K*£1 = PT (CAT + AII)
(9)
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where PT : density of tar.get material (.,/cm 3)

(] = specific ][eat of target material (cr_4s;zj°C)

AT = difference between target temperature and meltin S point

of target material (°C)

hi[ : latent heat of fusion of target materi_ll (er.,;s/?)

'lhc second approach, proposed by Barnes ([Ief. 12),

is based on an empirical fit of data from i_ypervelocity impact e._{per] -

ments. Barites ' equation is :

_o 2

KT2 = 3._4 x i0 - pTv s

_,_i_L-e v = vel,_city of sound in the tar_et material (cm/sec).
S

The third approaci_, put forth by Eichelbcr,er and Gchring (i<ef. 13)

is also based on hypervelocity inpact experi:nents. Tbe__r form of the

eq_ation is:

K_f3 = 2.5 x 10 8 B

where B = Brinell hardness number of the target material.

Considering the wide variety of material properties

used in these three approaches the calculated results for area loss

agree remarkably well, as is shown in the following section°

1.4.2 _ _ilculated Results

Three of the _ive materials of interest as mirror

m:bstrates are _luminum_ copper and nickel. In the case of copper or

nic'.<el a thin _ilm of s_ilver or aluminum would typically be deposited

on the surface to enhance reflectivitv; however, these films are so

th_n (2(]0 to 100O_,) that we will assume the substrate properties con-

t_'o[ the pit formation<. Physica] properties of these substrate mate-

r fa!s used in calc_l:_tin!< the tar,_<ets constants (KTI, lIT2, and KT3 )

a_'e _iven in Table Ill.

(Io)

(ii)
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Haterial

TABLEIII

PI[YSICALPROPERTIESOFHIRRORSUBSTRATE_-_kTERI:\LS

p(_.,,/c,_::3) c(_r->/_/oc)

A1 2.7 i{).4 x 106

(300oc)

Cu 8.)3 4.4 x 106

(3.50oc)

i<i 8.90 5.4 x 106

(>oooc)

_%II(er:,/g) ",'I.t _. (°C) v (cm/sec) ]3
S

3.2 x 109 060. 5._0 x 103 I0

2.0 x 10 '9 1083. 3.50 x 105 14(3

3.0 :: 109 I'{53. 4.<}, x 105 200

TI:e quantLties in Table III are used to calculate the

three different KT'S shown in Table IV. F_}__ ST in tl_e KTI equation

(Eq. 9) tile melting poinE is used, i.e., the substrate temperature is

assumed to be 0OC_ It is seen, however, [hat even if a temperature

several hulldred degrees above or bu/ow 0°C were used KTI would change

very littlo.

TABLE [V

TARGET CO._STANTS FOR rl][l\,,O_ SUBSTIOVfE :'bITEIIIALS

Haterial KTI (Eq. 9)

AI 2.70 x i0 I0

C_l 6.07 x I010

Ni 9.70 x [0 I0

KT2 Eq. 10)

10
2.68 x I0

i0
4.72 x I0

7.87 x I0 I0

Rr3 (Eq. ll)

0.4 x I0 I0

I0
3.5 x i0

i0
5.0 x i0

The other two quantities which must be specified in

order to make use of Kq. 7 arc the average micrometeoroid _elocity, v,

and clio density, Pro' o£ these particles (from which is calculated the

lower mass limit, m*, P: E(i. '_. For velocity we have chosen two cases:

4 x 106 cm/sec, which is believed to be typical Refs. 9, 14, and 15),

- 106
• _ } - -pand 9 x cm/sec which is believed to be the maxi.mum pos>l_le
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velocity (Xcf. I%) F_r dm_s_t, we have also chosen two cases: 8 :_

g/c:n 3 , which repL-esents a pure nickel micrometeoroid, and 1.0 g/on 3 ,

which is believed to be more typical of micremeteoroids (Xef. 1o).

The Im_er mass limits, m*, calculated from these densities using Eq. 9

-13 -][
are, respectively, /.35 x l0 Z and %.76 :< i0 :.

Tile fractional surface area lo:;s per year for all

combinations of the three materials, the three tar.:;et constants, ti_e

two assumed velocities and the two assumed densities, calculated from

Eq. 7, are given in Table V. IL Ls seen f_-_:_ Table %' tltat even wJ_Ln

the most pessimistic set of ass_u_ptio>s the surface area losses per

Fear arc relatively sumll: 3. %7 ]or At, 0 -)7,6 foE- Cu, and ().71_% f_r l;i.

1.4.3 Kcsul!s Based on Whipi)lu'._ ]_'_3 Ii:,timato of H]cro-

Very rucentiv a new estimate by Whipple of the micro-

metco<'oid enviroi_mei_t has become available (!<of. [,). UsinF, this new

estfmate, the predi< ted effects on the mctal-substraue mirrors are

somev, hat smaller t;_an Lhose given above.

Based on recent experimental data, WhippLe estimates

that t[_e micrometeoroids have a mean velocity of 2.2 x I0 ° cm, sec_ a

3
mean density of O.,'i"-_ _]/c_:', , and. a distribution given by:

-19 -1.34
N = 3.31 _: i(_ m (12)

2
where N = number per cm per second

m : mass ill _:;uayls

-i0
The new density estimate yields a lower limit of mass, m* = 2.9 x ].0 .._.

(See Ec I . _i)

The revised form of Eq. 7, resultin,; from the above

changes is:

!_AdN = ') {}5 i9 -Y_ '" v- -0.67,- m ( t3",

.... 4 K t m*
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Usin< }::q. _o_')the talc ,'I_,_,_,_,_,, vab,_eso<.the <factional area ]oss per

':'eaL /or tile three materials and three tar_,et c<,;_stants discussed

i
a_)o\.e are ,given in T:Ible VI.

TABLE V i

FKACTIONAI, SUT,FACE AREA LOSS PER YEAR FOR }[IRROR

SUBSTRATE }[ATEI),L\LS BASE]] ON _.l-,b'_<IIIPPLI'2ESTI:&\TE

:,tate L-ial

AI

(]u

U:_in[_) i_i Using KT2 Using KT3

- ()-._.... o x I _.I :: lO

5.1 x _() ,,.0 :: i0 7 :, x 1(

3.7 :: [< .3 :< I.O 5.'_ :-:I0

Other Assumptions

V : _9.0_ x ]_01); O = 0.:"/_

V = 2.2 x I(]6; p -= 0.44

(]

V : 2.2 x 10 ; p : 0.%4

[_]IL: SO_aY ',qiI](t , onsist:_ of :uore or los:; steady streams ui

plasma flowing from t:hc corona approximately radially outward from tile

sun. The stt,_dv of plasmas in space is closely connected with ti_e study

of inl.c_rplanetarv mL1_.t_.ctic i]ields. In fact, it is prefera!>le to tilink

of a plasma measur_,ment and magnetic field measurement as two aspecLs

of a sinF, le e:q)erime::t. The hi.g]_ elcctric_:l conductivity of the plasma

causes the magnetic flu:.: lines to be effectively frozen into the p[asraa.

In the_ normal case in interplanetary space_ the kinetic epergy dc,i'_siti'

of the plasma is _7reater than tile ma[;netic ener,.<y density, so that the

ma[;netic field is carried along I):,'the plasma moLion. Near the earth

the situation is reversed, and the solar plasma is excluded from re-

gions where the geomagnetic energy density is _sreater than the encri< 7'

deusity in tile p[a:;ma, _o that a cavity (the ma_u_etospher_!) is f_n-med.

This plasma consists prLlari]v of protons; heavier i)i_:_ a'_c

expected to be present in about the ratios iound in the sole'- atmos-

pher<.,: about 15 p<:rcent atomic ]k-', and le_s than i pcrcen' i:_a,.ier

elements (_<ef. 2)_ l%.n:;itlc:{ ap,d _xer:,ies oi] th,_ quiet _un em[s._ions
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Natcr_al

A[

Ctt

N£

Al

Cu

NZ

Al

Cu

N£

A k

Cu

N[

[
i

!

TABLJ{ t

FRACTIONAL SURFACE AREA LObS PER YEAR FOR

MIk£OR FUbST_b\TE MAI'E!IIAL5

Ub [ll_ KI+ [

+ _

-3
1 2 x lg

' 'Js in 8 <i

-3

-4 -4
7 2 x [O 6 5 x [0

-4 -4
5 3 :-,lU 6 0 >: LO

-3 -3
5 3 :,: i] _ 3 x L,._

-3 -3
3 I x I0 3 0 x [9

-3 -3
2 3 x tO 2 _ x L3

-3 -3
2 7 x iO 2 7 x L,)

-3 -3
[.6 x 1+_ I 8 x ]-O

L.2 × tO -3 i 1.3 x ].0 -3
+

-2 -2
1.2 x iO [.2 x i0

dsin_ K]3

-3
4 4 x LO

-3
I 0 × io

_/+
e 2 x 1_'

-2
i 9 x I0

-3
4 4 x 10

-3
] 5 x tu

-2
I .) x LO

-3
2 3 x fO

-3
[ 8 x iO

-2
3 5 x 10

-3 -3 -3
6,7 x [o 7._ :,:l+,) 9.7 x 10

-3 -3
4.9 x I > b.b :< [U

-3
7._ x !0

Other Assutupt £_ns

o
v = 4 0 x IO ; £ = [.0

v = 4 0 x iO°; _"= 1.0

6
v _ 4 0 x [ci ; £-: L.O

0
v =4 0 x 10 ) : 8,9

o
v = 4 0 >, It) ; c = 8.9

o
v : 4.0 x [o ; _. : 8.9

6
v = 7 2 x 10 ; £ : L.O

v = 7 2 x [06; _ = 1.0

6
v = 7.2 × [u ; _ : 1.0

++ ......

6
v = 7.2 x [0 ; $ = 8.9

6
v = 7.2 x io ; _ = 8.9

o
v = 7.2 x [u ; 2 = 5.9



or solar wind are variously Fiven as fa]lin Z between i0 and I00 parti-

cles/cm 3 at ener_.,ies of from 5 to 0.5 key (Refs. 2, 3, 18, and 19).

108/ 2In terms of flux rate, the ranve varies from 4 x cm /sec at 500 ev

(Ref. 18) to 5 x 109/cm2/sec at about 1 key (P,ef. 20). Direction is

presumed to be generally radial from the sun (Ref. 2) but could be

random. The necessary electrons to neutralize the positive particles

010 ")may be present Jn a flux as hig!l as a few times ] e/cm_/st:c at

E < 2 ev (Ref. 2_.

Solar f l,lre radiations occur about once a month at the maximum

of tl_e ll-year solar pc,tied and pt,rhaps 1 or 2 per year at the solar

minimum. The proton ilux near tile earth as,'_ociated xJith a major flare

is typically 104 proton/cm2/sec at energies above 20 Mev, extending up

') ") O

to i(}= p /cm=/s_,c above l(JO Mev and i0 ° p/cm_/sec above 500 Hey.

Record f]arcs, occurring perlmps twice each solar maximum

have had proton fluxes i0 times as great, q11e proton flux accompanying

a solar storm usually lasts about a dav. One measurement after a flare

of moderate size showed 106 to 1o 7 electron/cm2/sec at roughly 50 key

(Refs. 2, 3 and 20). Titere are also low-energy flare protons at 0.5

to 20 kev; the flux of these is not well known. It may be lower than

108 proton/cm2/sec (Ref. 2), or as high as 10 ]2 proton/cm2/sec (Refs.

2 and 20). Low-energy electrons at 0.25 to i0 ev presumably accompany

the low-energy protons; their flux may be 1 to 40 times the proton flux.

These low-energy particles are effectively shielded by the geomagnetic

field and exist primarily in regions outside the magnetosphere.

1.6 Effect of Cl_arged Particles on Reflectivc Surfaces

Although preliminary estimates, made earlier during this study

program, indicated charged particles would i_ave a relatively small ef-

fect on a reflective surface, recent experimental evidence shows these

particles, especially low to medium energy protons, may cause significant

reflectivity degradation and an undesirable increase in the thermal con-

trol parameter, c_/_. The damage mechanism is nonuniform sputterin_ of

the metal surface, which, in the case of aluminum, results in a high

density of irregular pits on the surface in size range of 1 to 5 microns.
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The evidence of this type of damagewas developed in recent

experiments by D. L. Anderson (Ref. 21) and D. L. Anderson and G. J.

Nothwang (Ref. 22) in which space proton bombardmentof polished metal

surfaces was simulated with 1 kev hydrogen ions. Their results for

polished pure aluminum, which is most generally used for reflective

surfaces, are of particular interest. Bombardmentwith an integrated
2

flux of 1021 hydrogen ions per cm increased the solar absorptivity

(_) of the surface to (}.23 comparedwith its initial value o_ _).09

Therefore, total solar refl_ctivity was degraded from 0.91 to 0.77.

However, the degradation of specular reflectivity, which is the meas-

ure of a solar concentrator's performance, is even more severe. Study
of the photomicrographs of the A1 surface before and after this treat-

ment (Ref. 2]) leads one to a conservative estimate that after sput-

tering at least 30 percent of tile remaining total reflectivity is dif-
fuse; thus the specular reflectivity is estimated as 0.54. It should

be noted that even at an integrated flux of 1020 hydrogen ion an in-

crease in _ from 0.09 to 0.13 was measuredby Anderson.

In order to assess the significance of the above results one

must relate the laboratory experiment with 1 kev protons (hydrogen ions)

to the space environment. With the present sparse and often conflicting

data on the charged particle space environment this is quite difficult.
o

1.7 Ultraviolet X-Rays (% less than 3000 _)

The fraction of total radiant energy below 3000 _ is about

o
1.2% of the sun's enerRy amounting to about 1.7 x 102 erg/cm-/sec.

Principal lines are given in Table VII. A chart of the solar ultra-

violet spectrum is given in Fi_. i0 (Ref. 23). During periods of solar

flares the levels can be increased by several orders of magnitude for

periods of a few hours. (Ref. 24).

The main reason for interest in these uv and x-ray emissions

is because the photon energies are sufficiently high to initiate chem-

ical reactions and ionization of materials. Such reactions can begin

at wavelengths below 3000 _ in the near ultraviolet. Again, because
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of concern with surface effects these radiations are of more than usual

interest even though their intensity levels are low. In view of tran-

sient nature of sunspots and solar flares the most practical presenta-
tion of data is in terms of yearly averages.

Figure i0 (Ref. 23) summarizesresults of rocket measurements

of solar spectral energy distribution above the atmosphere. This chart

gives data obtained during sunspot minimumin 1953 and 1954, marked

A-16, and during sunspot maximumin 1956, marked A-43. They represent

the minimumand maximumfluxes observed during a sunspot cycle. The

shaded region added to the A-16 curve is the increment of flux meas-
o

ured below 20_ and attributed to localized hot spots at 2 million de-

grees K. Near sunspot minimum in 1953 and 1954 the rocket measurements

indicated a marked reduction in x-ray emission below 20_. In some ex-

periments m_ emission at all was detected below i0_. With the approach

to solar maximum, the overall x-ray flux increased, especially at the

shorter wavelengths. In the 2 to 8 _ band the minimum to maximum vari-

ation was a factor of several hundred; from 8 to 20 _, at least a fac-

tor of 45; in the 44 to 60 _ .band, the variation was approximately

sevenfold. Assuming that the x-ray spectrum had a gray-body distribution

it was not possible to fit the measurements in these three wavelength

intervals by a single temperature. The longer wavelength emission could

be adequately described by a temperature between 0.5 to 1.0 x 106 degrees

K, but the shorter wavelength range, below 20 _ required a temperature

closer to 2 x 106 degrees K.

Rocket measurements have shown that the entire ni><ht sky as

seen from i00 km is aglow with a diffuse Lyman _ radiation which pro-

duces an illumination of 10 -2 ergs/cm2/sec for the entire hemisphere.

The intensity drops to a minimum in the direction opposite to the sun

and it is concluded that most of the radiation is solar radiation scat-

tered by neutral hydrogen. While much of this hydrogen is probably as-

sociated with the earth, part of the scattered radiation may originate

from neutral atoms in inter-planetary space.
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Many reflective surfaces being considered for solar concen-

trator use have dielectric coatings over the metallic reflective mate-

rials. These coatings are used both to provide mechanical and chemical

protection for the metal layer, and to lower the ratio of solar absorp-

tivity to infrared emissivity in order to limit the temperature extremes

experienced by the mirror structure in orbit. However, the dielectric

coatings maybe subject to degradation in the space environment, resulting

in the lowering of reflectivity.

A specific example of this type of degradation was reported

recently (Ref. 25). A large numberof reflective aluminum samples

coated with various types and thicknesses of anodic oxide, and a few

samples coated with evaporated dielectric such as SiO, MgF2 and TiO2
were irradiated with a good approximation to the solar ultraviolet spec-
trum while being held under vacuumof 10-5 torr. Although a wide vari-

ety of results was obtained, most samples showeda significant decrease

in reflectivity (typically 3 percent to i0 percent) after an ultra-

violet irradiation equivalent to solar irradiation from 300 to 1200

hours. Evidence was developed to show that the reflectivity degradation

was due to increased absorption in the coating, probably caused bypphoton-
created vacancies.

Although it was not investigated in Ref. 25, it seemsmost

probable that the radiation constants of interest for thermal control,

i.e., solar absorptivity and infrared emissivity, were also changed to

a significant degree.

Recent findings of Hass on the effects of ultraviolet irradi-

ation on the ultraviolet reflectance of slowly deposited SiO aluminum

mirror overcoatings indicate that much is still to be learned on radi-

ation material interactions in this spectral region. Metals are not

exempt from possible optically degrading effects. An example of findings

of interest is the work of Ivanova (et al) who measured reflectance deg-
radation of aluminum and rhodium mirrors for irradiation in the Schumann

o o

region of the spectrum (i,I00_ to 1,800 _) under the action of ultraviolet
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light in a vacuum. Someultraviolet of longer wavelength was undoubtedly

present in their test. As mentioned previously, Earth albedo supplies

a portion of the ultraviolet. Muchof the damageto nonmetals has been
attributed to this radiation.

Electromagnetic radiation within the approximate spectral range

of 2,000_ to 50_ may be referred to as the vacuumultraviolet. Shorter

wavelengths can be considered to ]ie in the soft x-ray region. Vacuum
ultraviolet radiation is emitted whenmatter is excited into energy states

betweenwhich transitions can occur and whose energy differences cor-

respond to the frequencies involved.

Thus, using an electron volt-angstrom conversion factor of
12,390, the energy equivalent of the 1,500_ to 50_ wavelength range is

8 electron volts to 240 electron volts. The creation of excited states

of matter with such high energies is equivalent to producing temperatures
of the order 106 °K.

Becauseof the high level of absorption of most materials (in-

cluding SiO) in the vacuumultraviolet, the mass absorptive rate in

ergs/g-yr is potentially important. Solar radiation of the wavelength
range 500_ to 1,000_ provides 108 ergs/cm2-yr of ionizing radiation.

Penetration ranges at i00_ to 1,000i are not well knownbut probably

lie between 10-4 and 10-7 g/cm2. The resulting ionization dose of 1012

to 1015 erg/g-yr will damagethe thin layer reached by radiation and

will very probably affect optical absorption. Electronic excitation,
which is of concern from the vacuumultraviolet up to 3,000_, can also

affect optical reflectivity. The mechanismfor the ionization and ex-

citation damageis roughly one of releasing electrons from their equi-

librium positions in the crystal lattice resulting for somecases in

trapped electrons and holes or color centers. The amount of radiation

absorbed in a color center maybe anywhere from i/i0 to i00 times that

required to produce the center. Therefore, radiation below 3,000_ can

effect the absorption of radiation at lon_er wavelengths.
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Organic materials will also receive 1012 to 1015 erg/g-yr from

sunlight of i00_ to 1,000_. Such doses will cause severe degradation

to the properties of thin exposed layers of all known polymers. No ex-
o o

perimental work has been conducted on polymers in the I00_ to 1,000 _

o o

range and only limited work has been done in the 1,000 r_ to 3,000 _ range.

Material degradation experiments conducted by Moore in the

vacuum ultraviolet indicated the somewhat anomolous fact that for copper

and gold reflecting surfaces overcoated with SiO less degradation in

2,500_ reflectance occurred for samples irradiated by vacuum ultraviolet

-9
radiation in a vacuum of i0 mm Hg than when the sample was exposed to

vacuum alone. The previously mentioned recent findings of I1ass support

these results at least partially by demonstrating that the reflectivity

of SiO overcoated aluminum mirrors can be increased by depositing the

film in the presence of ultraviolet radiation.

Some Russian investigaters irradiated aluminum and rhodium

mirrors with no overcoatings and found that irradiation in the 1,700 _

to 1,000_ region caused a drop in reflectivity. Decrease in reflectivity

was attributed to oxidation by residual oxygen in the apparatus where

the measurements were made. Such a result might also indicate the need

for a high vacuum as an environmental condition.

1.8 Trapped Radiations - Magnetosphere

The earth's geomagnetic field is effective in shielding the

earth from solar cosmic rays and, to some extent, galactic cosmic rays,

by bending or deflecting these primary, charged particle radiations away

from the earth. The higher energy cosmic particles can penetrate the

field even at the geomagnetic equator where the field strength is a max-

imum. However, the lower energy solar particles are much more readily

deflected. The geomagnetic field also has the property of trapping and

holding, for long periods of time, charged particles that are generated

within the magnetosphere or penetrate it from without. This trapping

ability comes about as the result of the Lorentz force acting on a

charged particle moving in a magnetic field. The effect of this motion
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in the earth's dipole field is to cause the particle to mirror between

the poles and remain trapped within the force lines. Particles origi-

nating too low in altitude will not mirror before encountering the
earth's atmosphere where they are absorbed. Close to the earth the

field strength is higher than at greater atitudes. This causes longi-
tudinal drift of the protons westward and the electrons eastward.

Various models of the trapping region have been proposed.
These models and the intensity levels and spatial distributions are

changing almost daily as new data becomeavailable from orbiting satel-

lites and space probes. To this date the intensity of the trapped

radiation, its composition, and the energy spectrum of each component

as a function of position in space, direction, and time have not been

established conclusively. Until recently, most space radiation meas-

urements have been madewith detectors that excluded the softer, lower

energy componentsof the trapped radiations. The resultant effect was

to find favored regions within the magnetosphere for high-energy pro-
tons and electrons which constitute the better known inner and outer

Van Allen belts.

The spatial distribution of the trapped radiations of the

magnetospheremaybe visualized as a toroidal configuration encircling

the earth about the geomagnetic equator. The Van Allen belt radiation

is often described in terms of two main belts; an inner zone centering

at about 1.5 R (earth radii), or 9500 km geocentric radius, distin-e
guished primarily by the existence of high-energy protons of E e 30 Mev;e
and an outer, more diffuse, belt of electrons with E _ 1.6 Mev centering

e

at about 3.5 R . The distribution of these energetic particles is given
e

in Fig. ii (Refs. 26 and 27).

Later articles cite new evidence of high-flux levels of low

energy protons and electrons existing broadly within the magnetosphere

(Refs. 28, 29, 30, 31, and 32). An approximation by Van Allen (Ref. 28)

of the structure of these low-energy radiations is given in Fig. 12.

More quantitative data on these electron and proton intensities are
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given in Table VIII (Ref. 32). This appeared in the literature in

March 1963 authored by Frank, Van Allen, Whelpley, and Craven. In

May 1962, Davis and Williamson reported (Ref. 33) on the low-energy

trapped protons measured by Explorer 12. In May 1962, Freeman reported

the presence of an intense flux of low energy protons or ions trapped

in the inner radiation zone (Ref. 34). Gringauz, et al. (Ref. 35)

reported measurements of very low energy, E from 200 ev to 20 kev,
e

electrons existing in the outer regions of the magnetosphere. Electrons

trapped in the inner zone following as a result of Star Fish fission

electrons form an artificial belt of a fairly durable type below the

lower level of the inner radiation zone. The combined results of these

various data are summarized in Fig. 13 for electrons and Fig. 14 for

protons. The energy distributions of electrons and protons vary with

altitude and latitude. There is also a time variation introduced by

magnetic storms. The electron and proton energy distributions for the

steady state or quiet sun are given in Fig. 15 for the geomagnetic

equator and at selected altitudes. From Fig. 14 there is a broad peak

of intensity occurring at between 3 and 4 R . At this same geocentric
e

radius on the geomagnetic equator the electron flux is below the peak

level noted at about 6.5 Re, but only about a factor of three lower.

In the inner regions the flux levels are less susceptible to magnetic

storms and disturbances which cause temporal variations in radiation

intensities within the magnetosphere and cause major changes in the

magnetosphere boundary, as noted in Fig. 16 (Ref. 36). In the region

of the 1.5 to 20 R reliable data are lacking to certain of the electron
e

and proton intensities. For these reasons it is concluded that the

intensities given for the trapped radiation levels in the region of 3

to 4 R are the most reliable and also most stable as to time vari-
e

ations. For maximum exposure of a surface in the radiation zone a cir-

cular orbit in the equatorial plane with a radius of 3 R would be ideal.
e

Eccentric orbits of between 3 and 4 R between latitudes of ±20 ° would
e

still expose the surface to a substantial fraction of the total possible

exposure.
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'[ABLE VI[l

ELECTRON AND PROTON FLL_(ES MEASURED BY EXPLORER 14

NEAR TILE EQUATORIAL PLANE (REF. 22)

R , (Radial)
e

Geocentric Dist.

39,000 km

39,000 km

39,000 km

20,000 km

20,000 km

20,000 km

31,000

31,000

31,000

55,000

55 ,O00

55,000

55,000

65,000

65,000

65,000

65,000

75,000 to

103,000

T!

electrons

electrons

electrons

protons

electrons

protons

electrons

electrons

electrons

electrons

protons

electrons

electrons

electrons

protons

electrons

electrons

protons

e lec trons

Energy Ran F,e

40 kev

2 230 key

2 1.6 Mev

> 500 key

230 key

> 4.5 Mev

2 40 kev

230 key

1.6 llev

40 key

> 500 key

230 key

> 1.6 Mev

40 key

e 500 key

2 230 key

1.6 Mev

2 500 key

40 key

2
J , Particles/cm /sec

O

1.5 x 108

i .5 x 106

2x 105

4 (!2) x 106

4 x 104

4
l.Sx i0

1 x i08

6
5x i0

I x 106

2x 107

5 x 104

4
3 x I0

1.5 x 103

1 x 106

i.5 x 104

6 x 103

2 x 102

500

500
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APPENDIX II

REFLECTANCE MEASUREMENTS AND SIMULATED MICROMETEORITE TESTS

In 1963, tests were performed at NASA/Lewis to determine the

effects of simulated micrometeorite fluxes on selected reflective sur-

faces provided by EOS. Silicon carbide particles, accelerated by a

shock tube, were impinged on the test surfaces. Resulting degradation

in total reflectance was then measured and was found to be high when

compared to analytical predictions based on available data.

To better understand and document the effects indicated by these

initial experiments, another series of reflectance samples was testcd.

These samples, which were submitted to NASA/Lewis for testing, were

made from electroformed nickel substrates 15/16 inch in diameter and

about 0.060 inch thick. Surfaces to be tested were prepared in the

following categories:

i. Chemically deposited silver, 600 to 1,000_

2. Bare electroformed nickel

3. Vacuum deposited: chromium I00 _ , aluminum 1,000 _

4. Vacuum deposited: chromium I00_, silicon monoxide 2,500_

aluminum 1,000_

5. Vacuum deposited: chromium i00_, silicon monoxide 2,500 ?

aluminum 1,000_

6. Vacuum deposited: chromium I00_, silicon monoxide 2,500 _

aluminum 1,000_, silicon monoxide, 20,000 _

The reflectance measurements of the samples before and after

micrometeorite testing, as well as measureme:_ts of control samples

retained by EOS, are listed in Table I. Figure 1 shows sa_pies

1 and 3 from the six groups. At EOS the samples were measured at 0.625,

0.7, and 1.0 micron with a Beckman DU spectrophotometer. Each sample was

measured at least three times. The measurement given in an average of
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TAI;LEi
REFLECTANCEM£ASVRf;MENTS
0.625._ 7ESF WAVELENG]%I

Group Sample

Ref l<c Lancu

Btf f O1- t_

Test

%

Aiter

'Iks t

7°

L,'s s Ne t

Ref [ec tance

] i 98.1

2 96.8

3 97.2

2 i 66.9

2 66.8

3 66.7

3 i 92.3

2 91.6

3 91.9

4 I 92.3

2 93.1

3 92.1

5 L 81.5

2 92.0

3 92.0

4 79.9

6 i 84.9

2 69.2

3 6i.2

4 84. i

33

81 o

27 8

63.0

63.3

21.8

86.0

87.5

41.6

8b.5

36.0

86.9

87.2

77.4

43.3

70.0

65.0

83.5

64.6 48.7

15.2

39. [ 31.4

3.8

3.4

70.5 26.5

5.0

4.4

50.7 4/.2

5.6

45.5 40.3

5.1

5.2

2.5

41.6 42.0

(o. 8)
(3.8)

O. ()

Samp it_s :

Sample ] was tesCl, d at NASA/Lewis

samp ic s.

Samples 2, 3 and 4 were conLroi
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T?.LLE

(tout inued)

1.O_ TEST WAVELENGTH

Gro_tp Sample

Rei ice t ancc

Bef_ rt, Aiter

Tes t 'ie >;t

% 7°

g _.qs Ne t

Ref lec t ancc

l

2

1

2

3

l

2

3

1
-)

3

1

2

3

4

2

3

4

98.5

i) 8 3

98 6

i;/4 6

'4.7i

73.9

94.6

'94. 3

94.0

94."

94.3

93.2

93.]

91.)

9i.5

9"2.5

_2.o

83.9

92.1

8_5.0

34.5 44.0 63.6

8,;.5 ll. l

2_). 6 45.0 32. 2
71,9 2.8

l. 3 2.4

23.0 7 i. 6 26.4

90.6 3. ,,'

90.9 3.1

44. [ 30.! 45.8

91.5 1.7

41.8 5].. 3 43.0

88.9 '2.8

90.0 O. 9

92.6 (o. l)

30.8 4t.8 52.4

83. i O. 8

900 ' ]

83.0 2.0
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f.'.L LL

(c,mtLnued)

0./00_ TES'f WAVELENGTH

(Stoup Sample

Rc]Icc t ante

BeI o_-_ AIter

Te ,_t i'_' s t.

Loss Net

Re f](!c Lance

3

2 1

2

}

3 }

3

g *
3

3

5 1,

2

3
&

6 i
,)

3

4

9". 13

09 <i

(0: ! '_

,SJ 3

01 1

,_1 !

O0 2

8U O

89.7

88.8

, ;_. 5

89,2

82.4

81. _

63.0

72.,_

u5.5

82.9

40 3

29 '>

34 3
63 0

22 2

8O 0

86 8

42.5

8b.5

3.3. :%

84.2

83.8

76.3

46.2

8l .4

7') .4

78.6

AS. 8 53.3

t3.3

40. / 34.3
5.{_

4.5

_8.9 26.4

5. t

46.5 44.8

2.3

40. k 3_. 0

5.0

(1.4)

4.3

3_.8 40.1

(8.8)

(l_.v)
4.3

*Ti_,, 100. I percent si].w.r refie.ctance measurement, c_mlparcd with pub-

li:d_ed values, indicates that the cxperimenta£ error was in the order

oi7 ± 0.6 percent.
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three readinzs. Reflectance measurements were made by the _oniometer

method. The 100 percent reflectance level was measured by placing

'.1!_' ',b,_tocell iu lip.t' with th_ spectr_l_':_m_.ct_r 5__m. Ap. :,l_mlip._m_

,_'_,u: ! i-d ',.. _s the:_ r,.f,.rcnc,,d. T]':,_: ,t;_nd,_:d .,_,b r{.f_:rred t," _it_r tvs'-

in t.ach sam',lie. :q_,. bl'.t ctro[,l;ot_m:e[Lr bt'a, n.ode ._n ,ingl.e of flt<'idenc_,

,,f ' ', ',.itl_ the reflective surfac_ at_d the al_m,fntm: st;_,nd:_rd.

Fht. ipit ia] rcfI.ecta>ce n',casurements of Samp]es 1 to 3, (]roups

thr(),,:..,!: 4, co_-rclated cl_,sely :sith t:acl" _)th(,r and ,,ith publisimd re-

! lcc'tuact_ data. UIt. maximum vuriati{':: ['('t',Jel_l? S51:4_[£'S ',.i_tl}in a [ttot1_

:.':,s1.3 pt,rcerlt, wt_icil indicates the rep_()dLzcibilitv between lucas_rt,ment_

and . oatip.;; samples.

'2"_e i_i_tia! refl{_tance vavia:ic,_. _ _n;,,: < san., [_s ',,£t._in Groups 5 and

:, .v,.r_. <_,Ltscd by differences in thicl:nes. _. '_ !}_c silicop m,u_o::_de over-

coating. The silicon monoxide overcoating acted as a selective spectra[

filter. ' isu: I observation of these s,,_nl]cs i_:d_Lated s r,_ng_, of colors:

i .v., the s,_mples within a group did not have maximum absorptim: of the

same wavelength. This observation correlat,,d ',:[th the reflectauce meas-

llre_eilt s .

The first and second samples of each co,qti_: ,;roup were sent to :(4SA

Lewis for testiug. 11_e first samples ,,.,ereexposed to a hypervelocity cloud

of silict,n carbide ?_rti<les between 2 ;_d 14 :'_!<Y{;ns in diameter M_ich

were accelurated in a 3-inch shock tube to a vel_city of 8,5(}(? ft/sec.

These _rticles were then impacted against the test samples at the following

levels of kinetic energy: i 2

Sam:'le Kinetic Energy _-i _m. v.]- 1

t-i '1.7,! joul,,,

2-i 1.21 joules

B-i 1.42 jo_:]es

4-I 0.06 .joule

5-i [.C)9 joules

6-1 1.21! .joules

-'_326-Fin_: 1



The test procedure used ,..:assimilar tc_tbnt discussed in the NASA/

Lewis TP 8-63, "Alteration of Surface Optical Properties by l[igh Speed

_licron Size Particles". For these tests, the average si1_c,m carbide

particle size _.,as6.35 micr_ns. Using, l, im tic energy as the appropriate

independent varic_ble for scaling dan,dge,a test kinetic energy of i

joule _n a !5/16-inch disc diamt('r is e,luivslent to ,_ near-e_rth space

of about $ mop. ths.

The, s_cond and third s,_m21es f _a_ L',r_H_ ",.,_r,:ust_d _s tontrol

samples to eli_rinnte the effects of _rr :, _ '<_ thu results, <! the

ex'?erimunt. I /gures I tht-ough 6 _ui<mmrizc the diffuse and specular

measurements made by both EOS and NASA/Lewis between the wc_velength of

The i to 15-wJcro_ si_ .:ul.,z rLiicctante datJ were deriv_d by sub-

tracting the diffuse from the total reflectance. The "_SA dat,_ covered

th i s '.,:ave length ,range.

l_eflectance between the wavelengths of 0.02 to [ micron is particu-

larly Jm!-_e:_.a:_t _i-., _ .b_)ut -:> percent. ,, t_,,.. _ q' _._l,_- -iut_sity is

k<, sn_,<_la_ ;.,d !;i:t, ,]ii:l ,s, r{ flect,_nct in the ) t.'. l-micron region

itre _]tl,.' [,. b_',FfaCt7 _,_il!!iI],_SS tZ_llS(*_J bv _,,_ sim,_lated mi<rom_teorite test.

Sn_:l[ 2its ._:'t __s , .!:ff_s,_: of l ...... .veh'_ths and ,_ r_,th'ctor to higher

wave lengths.

Some of the differences b, [,.._een tht. refiuct,_nce values :::bove and

bel ,.. I ::i,,-.m a_,: _1:_ ' :_t,, .,: 1 _ ,li,. c .:_,"_ :.:_ _:_,-_s _rt';n,t, tlt- technique,,;.

SOV,iL-: 1 I" 'adi. ;> ,1_),_.' ] ".;. I;,,': inJ' {t" si),'c _1.1'," ._._[e_:ta[lc:es )greater

tha_; 1 : p,,rctnt.

F. lectro-Optical Systems refle( _ _c_ m,.a_rements taken on the control

samples for Groups 1 through 4 indicate a co_sistc,_t 1<,as in rcflectivity

due to c,_rrosion and a'tin Z effects. { ,:_tr<_l samples from Groups 5 and ij do

not show a similar ?_attern. i'his r'an !)cob,_b[y be explained by a fact that,

i:7_ti,n].ly, the silica,, _',oi_,oxide co:_ti_<,<s o:: these samFles were absorbing :_t:

432( -]:i .1 1 ,
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diiLerut_t _,'<ivo].en__rhs. Oxidati_,_ -'_v,,::_<a_er abs,_ri-ti,_,n then mav h::ve

!t,rthe_" ._itered the ,I!,_,rl>ti_,l_ ,-h.aracteri,stics _f the silit,.m monoxide

i_r_>L_,cLive fi [n.s.

Electr_,-Optical Systcn'.s r_:fl_ctance r,easuren',ent_ cn the tested

san:ples were <_,rrected for tor',_,qi_l_ ,J£,_frJdati<_n _s r:_easurcd on t]_e

control samples, to yield the n=t reflectance values.

;:i_a_is, n ,f the. :_i_ r,,n;eteorite re_Lstanct- between c_,ating gr:'ups

_ !i; tic_ul_ L_UCdt.::_t' flip _-.fill't _<- <,nervy of t,acll test varied considerablf_.

!{ ,'i,'t L't F, [}le [, _ I ..... i:],' i,l-t'l{il fl]dr'," L, IICI_L{S]C.ItS Cdll i)t! GY,'t'WII fr JlX [itlt-

lir,'ited sau_pling:

I. The reflectance _ che_,itallv dep_mited silver is s_:peri,>r

(both before and after si:_,ulated. _icr,,:r,eteorit_: i'._.?[nseu.cnt )

t_, all ,,th,,r : ._tin_'s, i>rc'vided the _i!ver is protected fr_m

chcr:_ical ,,rros/_u _..

2. 1_(, refl_,,_t_:ncc '_ ,_ilic.,_l :_ono>_ide-pr,_tect_d a!uminur_ cc, atings

(as in (;r_up b) i_ superior to that of bare electrof_rr_.cd nickel,

both belore and aiter u_icronmteorite testing, l]_c Group 0 coat-

i_q had a higl_er net reflectance after testing than the Group

',_ati'_g. The relative r_flectances were reversed before test-

L:_Z. finis r_lav indicate that the thick silicon monoxide coating

i_a_ .-, r',_ a;'va;_:.age in pirckccti._- the c,,]lect_.r suriace, pl ,vi,",/:_g

ti,_ L',]i ;flits <_ Call be COl]trolled tc .,-'[_,[t t,..;_xi.n',un_. (,_l[uctoz re-

flecta_:ce th,roughout ti_ _lissio_.

3. It is dif: /cu_t: to" _,_,:,_,arethe relative merits <_f various alu_iuur:

tmderc_:tit_gs _,_4 l; _t, d i_',(',rvul,s 7 and 4, since the test kinetic

energy :,f ,-at!: vari, d, b,, ;_ fact_r of two. I_._. _or..trc_l sa_::pl_.s,

]_<,wever, ii;di._itc t}_at t.llt +.}!r,i:;itn",-silicol] n_,n,_xide-alun;intm_

c_,atinF_ sandwich has better c_,rrosicr, rt.sistal]ce ti'tll]tl_e chr ,niu:_.

:.llr i_i,r,:-al_ntit:'_!_' _and_.i i,. TIt_ ?,,ssil_;lity of galvanic coupling

l.,_t;,ce:_ '.,_,- . It, ',::i .;:::-a]<'._: .. _I .s<t_;dwic!i J;" Group J _.a\, exp[ai,'_ thi-:.

{r: ,,:, :: , t}',,.'s_ _.._tc.r , ,. _r, s,..i,arated b," the s_ Lie. :_ :._on<,>:idc

_l[_lectri, <. ati. i_!., i_, , ](,._lcitin_ the net reflectance, it has

4 $2;,-i_'iitc '. - -
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been asstm;ed that the corrosion f,or the tested :_;_T_,pl_swas the

same as that incurred by the, _o::tro! samples. }Iowever, the

testt'<! sa:'.ples probably corr<'dcd fast(,r th_n the contr_;1 sam-

pl,'s. 'l]lis may account [or t_om_' of the large reflectance losses

[n th,, 0.625 to 1.0 1:icron rang.,,, measured at EOS relative t_,

<h<sc mt,asured at :iASA/Lewis at slightly hi_4her w_ivelengt]is and

immediately after the micrometeorite testin}._.

Up to wav<.lengths <_f 1 _{;icron, tht,, thermal p_-operties of the

coating materials do not appear to affect saraple area de-

gradation as one r:ight expe<t if a comparison wet{ n:ade bet:weep,

so,lid ta1zet discs ;:ade from the coating materia].,-_. The thin-

fih: _-,,chanical and therma,], propcrti_,_; .,f the _<,atii',,_ r.'_terials

are probably more dominant tha__ th,:. bulk thermal properties.

The _esults dusc_-ibed ab<,ve :_ss,_:,,_. that th,_ t,,tal I<inct it (:_evi.',>'

is t}_<, appropriate, independent varia!-,ie.

Whatever- the ind<.pendcnt: vartablt: sh,.._,ld ',){:, these ![li('l-Ol]ic. tcol-lt[t

test:_ i.ndicate the importance of testing 1"ef]e.'tanc:c de,_-adation in

space at the ea_71]_est possibJe date t,.__cc'_r.ltdl,, p_-edi{'t I.:h<_ file o_

__.f[dct-ivc solar power svst.,..,ms.

,k<,-I:i_-,{l II- 14


